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ABSTRACT
Single-walled carbon nanotubes (SWNTs) are considered to have many potential
applications due to their unique structural, physical, chemical and electronic properties.
Because the rigid structure of carbon nanotube determines its toughness in dissolution,
the processing capability of carbon nanotube is strongly limited. My carbon nanotube
functionalization research was mainly focused on developing innovative methods to
functionalize nanotubes with various polymers and large aromatic molecules to make
them soluble to study their interesting properties and applications. In this dissertation,
different methods for the functionalization and solubilization of carbon nanotubes are
described.
The co-existence of metallic and semiconducting carbon nanotubes has often been
a bottleneck in many applications including future nanoelectronic devices. Therefore, the
separation of SWNTs based on electronic structure and diameter is very important. The
separation of SWNTs based on electronic structure and diameter using non-covalent
functionalization methods was performed. The separated nanotube samples were
characterized using optical spectroscopy, Raman spectroscopy, thermal gravimetric
analysis and electron microscopy and the results revealed that the separation of nanotubes
based on electronic structure and diameter was achieved successfully. In addition, the
electronic band gap transitions related to SWNTs (especially semiconducting band gap
transitions) were found to be very sensitive to surrounding chemical species. The doping
of these electronic transitions by larger aromatic species is also discussed.

ii

DEDICATION
This dissertation is dedicated to my beloved father, late Mr. K.G.E Fernando, my
mother Mrs. A. L. C. Fernando and especially my wife Mrs. Renuka Fernando for their
sacrifice, love and unconditional support.

iii

ACKNOWLEDGMENTS
I would like to thank my advisor, Professor Ya-Ping Sun, for his guidance, his
time spent with me and patience during the last 5.5 years of my graduate study. His
knowledge, guide, seriousness, diligence and philosophy in the science greatly affected
me as a graduate student, which I have benefited from and shall certainly very much
appreciate as a Ph.D. scientist for the rest of my life.
I am grateful to all those who loved and supported me. In particular, I would like to thank
my wife Renuka for her sacrifice for last five years and my loving parents who were
always there over the years supported me and helped me.
My special thanks go to Dr. Weijie Huang and Dr. Yi Lin, who were the first ones
showing me the excellence of the scientific culture of the Dr. Sun’s research group. I
would also like to give my special thanks Xin Wang and Dr. Satish Kumar who worked
with me close in last five years. Also my thanks go to other members in Dr. Sun’s
research group for their help, kindness and friendship. In particular current members: Dr.
M. J. Meziani, Dr. Fushen Lu, Dr. Li Cao, Lingrong Gu, Wei Wang, Monica Veca and;
and the past members: Barbara Harruff, Tara Elkin, Darron Hill, Brad Martin, Dr. Pankaj
Patak, Dr. Bialin Chen, Shelby Taylor, Dr. Yang Liu, Dr. Puyu Zhang, Dr. Liangwei Qu
and Dr. Bing Zhou.
I would like to thank Dr. A. Kitaygorodskiy and Dr. A. M. Rao for fruitful
collaborations. I am especially grateful my other Ph.D. committee members, Dr. Gautam
Bhattacharyya, Dr Rhett Smith, Dr. Jason McNeill for their time and active help in the
completion of this dissertation.
iv

TABLE OF CONTENTS
Page
TITLE PAGE ................................................................................................................... i
ABSTRACT .................................................................................................................... ii
DEDICATION ............................................................................................................... iii
ACKNOWLEDGEMENTS ........................................................................................... iv
LIST OF TABLES ........................................................................................................ vii
LIST OF FIGURES...................................................................................................... viii
LIST OF SCHEMES ...................................................................................................... xi
CHAPTER
1. POST-PRODUCTION SEPARATION OF METALLIC AND
SEMICONDUCTING SINGLE-WALLED CARBON
NANOTUBES................................................................................................1
1.1 Post-production separation ..............................................................................1
1.2 Techniques for characterizing the separated nanotubes ..................................3
1.3 A summary of advances to 2005 .....................................................................5
1.4 Advances since 2005 .....................................................................................11
1.5 Limitation and challenges .............................................................................23
References ..........................................................................................................27
2. SEPARATION OF SEMICONDUCTING AND METALLIC
SWNTS ........................................................................................................31
2.1 Separation of semiconducting and metallic SWNTs using
derivertized Porphyrin............................................................................31
References ............................................................................................................33
v

Table of Contents (Continued)
Page
2.2 Diminished band-gap transitions of single-walled carbon
nanotubes in complexation with aromatic molecules ............................34
References ...........................................................................................................48
2.3 Bulk separation of semiconducting and metallic single-walled
carbon nanotubes using 1-docosyloxymethyl pyrene ............................50
References ...........................................................................................................82
3. DIAMETER-SELECTIVE FRACTIONATION OF HiPco SINGLEWALLED CARBON NANOTUBES IN REPEATED
FUNCTIONALIZATION REACTION ......................................................86
3.1 Introduction ...................................................................................................86
3.2 Experimental section .....................................................................................88
3.3 Results and Discussion..................................................................................90
References .........................................................................................................106
4. FUNCTIONALIZATION OF SINGLE-WALLED CARBON
NANOTUBES...........................................................................................109
4.1 High aqueous solubility of functionalized single-walled
carbon nanotubes..................................................................................109
References .........................................................................................................122
4.2 Poly (ethylne-co-vinyl alchol)-functionalized single-walled
carbon nanotubes and related nanocomposites ....................................125
References .........................................................................................................140
5. SUMMARY .......................................................................................................142
APPENDIX ..................................................................................................................146

vi

LIST OF TABLES
Table

Page

2.2.1 Energy of S33 and M11 vs. diameter of SWNTs ..................................................71
3.1

Nanotube Contents in the Soluble Fractions and the Final
Residue .......................................................................................................92

4.2.1 Nanotube contents in the functionalized SWNT sample ..................................118
4.1.2 Aqueous solubilities of functionalized SWNTs ................................................120

vii

LIST OF FIGURES
Figure

Page

1.1

Schematic diagrams showing the possible wrapping of the
two-dimensional grapheme sheet into tubular form....................................2

1.2

Absorption spectra of films of purified HiPco tubes, purified laser
tubes and purified arc tubes after base line treatment .................................4

1.3

Typical Raman spectra of HiPco, laser and arc SWNTs excited at
at 1064 nm (1.17 eV)...................................................................................5

1.4

Schematic drawing of carbon nanotubes exposed to laser
irradiation ..................................................................................................13

1.5

The sequential steps of selective amplication of SWNTs starting
from very short SWNT segment ................................................................14

1.6

UV-vis-NIR absorption spectra of the H2O2-treated SWNT thin
taken at different treatment times. Raman spectra of the SWNTs
before and after H2O2 treatment at 514 nm excitation and is the
same Raman comparison at 632 nm...........................................................16

1.7

Raman spectra at 514 nm excitation wavelength . (a) RBM region
before and after the fluorination (left) and the changes in
G band (right) .............................................................................................19

1.8

Characterization of separated fractions using absorption (a) and
Raman excitation wavelength at 514 nm (b).............................................20

2.2.1

Raman spectrum (785 nm excitation) of the DomP-SWNTs
sample after dialysis ..................................................................................38

2.2.2

STEM image (acquired in the SE mode) of the DomPsolubilized SWNT sample.........................................................................40

2.2.3

HR-TEM images of the DomP-SWNT sample showing
individual nanotubes and thin bundles ......................................................41

viii

List of Figures (Continued)
Figure

Page

2.2.4 Absorption spectra of the DomP-solubilized SWNT sample
in THF and in D2O/SDS suspension after the removal
of DomP via dialysis .................................................................................42
2.2.5 The NIR absorption spectra of the sample in the solid state
and after the removal of DomP .................................................................43
2.3.1 TGA traces of the solution, residue before DomP is removed
and the solution and residue after the DomP is removed by
dialysis followed by refluxing with CHCl3 ..............................................58
2.3.2 SEM images of purified SWNTs (A), solution fraction (B) and
final residue (C) after the dialysis and solvent washing to
remove DomP............................................................................................59
2.3.3 The absorption of as prepared DomP according to standard
procedure and the recovered DomP after the separation...........................62
2.3.4 I-V curves for residue fraction, purified SWNTs and solution
fraction in bulky papers made with thickness of ~45 µm .........................64
2.3.5 Raman G band with 785 nm and 632 nm excitation wavelengths
are compared for the starting purified sample, residue fraction.
All the fractions were annealed at 800 oC for 30 minitues
before measurements.................................................................................65
2.3.6 Raman RBM regions with 785 nm (A) and 632 nm (B) excitation
wavelengths are compared for the starting Purified sample,
residue fraction and solution fraction. All the fractions were
annealed at 800 oC for 30 minutes before measurements .........................67
2.3.7 UV-vis-NIR absorption spectra of the starting matrial, final
residue and the solution fraction on glass slides. All three
glass slides were annealed at 600 oC for 2 h in inert
atmosphere before measurements .............................................................69
2.3.8

Energy of S33 and M11 vs. diameter of SWNTs.............................................72

ix

List of Figures (Continued)
Figure

Page

3.1

TGA traces of the first and second soluble fractions and the
final residue ...............................................................................................93

3.2

TEM images of the five soluble fractions and the final residue.......................95

3.3

UV-vis-NIR absorption spectra of the starting purified
HiPco-SWNT sample and final residue suspended in
water and the soluble fractions in D2O solutions .......................................97

3.4

Raman spectra (with the enlarged RBM region at left,
785 nm excitation) of the starting purified HiPco-SWNT
sample, the soluble fractions after thermal defunctionalization,
and the final residue .................................................................................100

3.5

Raman spectra (the RBM region only) with 632 nm and 514 nm
excitations are compared for the starting purified HiPco-SWNT
sample, the soluble fractions after thermal defunctionalization,
and the final residue .................................................................................102

3.6

Raman G-bands with 632 nm and 514 nm excitations are
compared for the starting purified HiPco-SWNT sample,
the soluble fractions after thermal defunctionalization
and final residue .......................................................................................104

4.1.1

SEM image of purified SWNTs .....................................................................112

4.2.1

The near-IR spectrum of the EVOH-SWNT sample......................................130

4.2.2 The 1H NMR spectrum of the EVOH-SWNT sample in DMSO
is compared with that of the neat EVOH ................................................131
4.2.3

The TGA traces of the EVOH-SWNT sample...............................................133

4.2.4 TEM images of an EVOH-functionalized sample .........................................134
4.2.5

Raman spectra of the EVOH-SWNT sample before and after
thermal defunctionalization......................................................................135

4.2.6

SEM image of the EVOH-SWNT sample......................................................137

x

LIST OF SCHEMES
Scheme

Page

2.2.1

A schematic representation of a semiconducting SWNT covered
with a DomP monolayer, which is conceptually similar to
highly defective double wall carbon nanotubes .........................................46

2.3.1 A schematic illustration for the selective interactions of pyrene
with semiconducting SWNTs.....................................................................54
2.3.2

Separation reaction of SWNTs with DomP ......................................................55

4.1.1 Water soluble functionalities used for SWNT functionalization .....................114

xi

CHAPTER 1
INTRODUCTION- A REVIEW ON POST-PRODUCTION SEPARATION OF
METALLIC AND SEMICONDUCTING SINGLE-WALLED
CARBON NANOTUBES
1.1 Post-Production Separation
As produced, single wall carbon nanotubes (SWNTs), irrespective to the synthesis
method, are a mixture of metallic and semiconducting tubes (Figure 1.1).1 Because the
co-existence of metallic and semiconducting carbon nanotubes has often been a
bottleneck for creating the many applications, including the next generation of future
electronics, determining how to separate semiconducting SWNTs from metallic SWNTs
is of great importance. Initial separation efforts have exploited the potential to produce
either semiconducting or metallic SWNTs selectively during the production. For example,
semiconducting SWNT enriched samples were obtained using the CVD method.2-6
However, some of these methods are not scalable (sub-milligram quantity or less) and are
perhaps only applicable at device level. Consequently, these inevitable limitations make
the direct production of semiconducting and metallic SWNTs an inefficient and
unreliable method for obtaining these SWNTs (for more details see the book chapter
attached in the appendices). To overcome these limitations and to obtain the metallic and
semiconducting enriched SWNT sample, the post-production separation techniques are
essentially important. This chapter of the thesis summarizes and highlights the main postproduction techniques available to separate SWNTs, based on electronic structure, while
also providing detailed information on the recent developments and progress of these
post-production methods since August 2005.
1

a

b

c

Figure 1.1

Schematic diagrams showing the possible wrapping of the
two-dimensional grapheme sheet into tubular form. The two
basis vectors a1, a2 are shown. Folding of the (8,8), (8,0) and
(10,-2) vectors lead to arm chair (a), zig-zag (b) and chiral (c)
tubes respectively. (From Ref. [1].)

2

1.2 Techniques for Characterizing the Separated Nanotubes
The purpose of this section is to provide a brief overview of the key analytical
techniques that differentiate between metallic and semiconducting SWNTs. Three main
methodologies, optical absorption spectroscopy, Raman spectroscopy and bulk
conductivity measurements using four point probes, are widely used to characterize the
separated SWNT fractions. Both semiconducting and metallic SWNTs have characteristic
optical absorption features in both the visible and near IR wavelength region (Figure
1.2).10 The peak feature at 1240-3100 nm (1-0.4 eV) and 620-1550 nm (2.-0.8 eV) are
commonly assigned to groups of transitions corresponding to the first and second pairs of
van Hove singularities in the density of states (DOS) for various semiconducting SWNTs
(denoted as S11 and S22), respectively, while those at 400-650 nm correspond to the first
transitions of various metallic SWNTs (denoted as M11).7-12 Observing changes of
intensity changes of these absorption features in separation fractions under the controlled
conditions of sample preparation is very useful way to obtain enrichment information of
different samples (both qualitatively and quantitatively). Raman spectroscopy is also very
useful for obtaining information on metallic and semiconducting SWNTs (Figure 1.3).10
In Raman measurements of SWNTs, the nanotube signals are resonantly enhanced when
the excitation wavelength is close to the optical transitions (usually S22, S33, M11).13-16

3

Figure 1.2

Absorption spectra of films of purified HiPco tubes,
purified laser tubes and purified arc tubes after base
line treatment.(From Ref. [10].)

4

Figure 1.3

Typical Raman spectra of HiPco, Laser and arc SWNTs
excited at 1064 nm (1.17 eV). (From Ref. [10].)

5

Three main features in Raman for SWNTs provide most of the information: G band at
~1550-1600 cm-1 from vibrations of graphitic sp2 carbons, D band at ~1350 cm-1 from
disordered sp3 carbons, and radial breathing mode at 100-300 cm-1 due to tubular carbon
vibration in radial direction. The G band and RBM peaks under controlled experimental
conditions are more useful for obtaining both qualitative and quantitative evaluations of
metallic and semiconducting tubes. The electrical conductivity of separated SWNTs is
commonly measured using the classical four-point probe technique. For these
conductivity measurements, the samples are usually prepared either as pellets or bulky
papers in similar experimental conditions to get an accurate comparison.17-20 In addition
to these three methods other micro and macroscopic techniques such as NMR
spectroscopy,21-23 fluorescence spectroscopy,11,12,24 transmission electron microscopy
(TEM) and atomic force microscopy (AFM),25-33 have been used to characterize
semiconducting vs. metallic SWNTs in given samples. Details of these characterization
techniques are available in the separation book chapter attached in the appendices.
All the SWNT production methods provide various chiralities in structure. In
most cases, the two-thirds of SWNT are semiconducting chiralities with the remaining
one-third being metallic.34 The post synthesis techniques available to separate SWNT
mixture into metallic and semiconducting enriched fractions fall into two main groups;
methods developed based upon the physical properties of SWNTs and the methods
developed based upon the chemical reactivity differences between metallic and
semiconducting tubes.35-37

6

1.3 A Summary of Advances to 2005
The post-production separation methodologies developed since August 2005 are
based on either the different physical properties of semiconducting and metallic SWNTs,
such as different conductive behavior and static polorizability, or the chemical reactivity
of metallic and semiconducting SWNTs, such as preferential covalent and non-covalent
functionalization. Of these post-production separation methods, some permit the
collection of one type of SWNTs by physically destroying the other type, while other
methods separate both semiconducting and metallic SWNTs into two fractions without
destroying the electronic properties of both fractions. These advances in post-production
separation methods available since August 2005 were outlined in our chapter published in
2006 on separation. This information is briefly summarized below.
The selective destruction of metallic SWNTs via current induced breakdown was
one of the first methods used to produce a single metalacity type of nanotubes.38-39 In this
method, metallic SWNTs are selectively destroyed to obtain pure semiconducting
SWNTs for FET devices. Although the results of the selective breakdown method were
promising for obtaining electronically pure semiconducting SWNTs, they were only
applicable for very small samples of no more than a few picograms. The alternating
current dielectrophoresis method is also another known technique for obtaining
electronically pure semiconducting and metallic SWNTs.40-45 Here, SWNTs were
suspended to their individual level using SDS in water. Within an AC electric field,
metallic SWNTs have a positive dielectrophoresis (DEP) and semiconducting SWNTs
also have a negative DEP, thusly permitting the placement of metallic tubes on electrodes

7

while semiconducting tubes remain in the solution.40-45 Buik et al., repeating the same
technique under similar experimental conditions, determined that both metallic and
semiconducting tubes could be deposited on electrodes without requiring full
selectivity.45

However, because these results were somewhat controversial, further

exploration is obviously essential before this technique can be established as a method to
separate SWNTs based on metalacity. Details of the post-production separations using
the different physical properties of semiconducting and metallic SWNTs are available in
the book chapter attached in the appendices.
DNA assisted separation,8,9,46,47 preferential covalent functionalization,7,48-50
preferential doping,51,52 amine based separation,19,53-55 and planar aromatic based
separation20,35 are the main post-production separation techniques that depend upon the
different chemical reactivity of semiconducting and metallic SWNTs. In the DNA
assisted separation technique, SWNTs were individually suspended in water using SDS
as a surfactant; separation was then performed using the anionic exchange
chromatograph.8,9,46,47 The principle behind this separation technique is based upon the
higher polarizibility of metallic SWNTs, instead of their semiconducting counterparts.
However, the requirement that the starting materials be individually dispersed SWNTs
renders this technique most challenging in the scale-up.
The second method, more specifically known as the preferential covalent
functionalization method, uses the different chemical reactivity of two species of SWNTs
(semiconducting and metallic SWNTs) which may also be useful for structural sorting.
Metallic SWNTs were found to be more vulnerable than their semiconducting counter

8

parts to various covalent functionalization reactions, some of which led to an increase the
concentration of semiconducting SWNTs resulting from the destruction of metallic ones.
As Strano et al. discovered, when SWNTs suspended in SDS in D2O were reacted with
aryl diazonium reagents and observed in the optical absorption spectrum, the absorption
features corresponding to the metallic-SWNTs selectively decayed, whereas the same
optical absorption related to the semiconducting-SWNTs remained well preserved.7,48,50
Therefore this method can be used to selectively destroy metallic SWNTs due to their
high reactivity with diazonium reagents, while leaving the semiconducting SWNTs fully
intact and well-preserved. Because this method permits the metallic SWNTs to retain a
higher electron density in their Fermi levels than in the semiconducting SWNTs, more
electrons are available in metallic tubes to stabilize the charge transfer complex.
Selective bromination of metallic SWNTs were achieved by Rinzler and coworkers.51,52 Initially, SWNTs were individually dispersed in water using SDS as a
surfactant and then the bromination was performed. Their theoretical calculations suggest
that the binding energies of bromine with metallic SWNTs were larger than those with
semiconducting SWNTs.51,52 The preferential doping of bromines on metallic SWNTs
also provided a higher density for metallic SWNTs than their semiconducting
counterparts. Using simple centrifugation, Rinzler et al. precipitated away the metallic
SWNTs so that the semiconducting enriched fraction remained in the solution. The
characterization performed using optical absorption spectroscopy, determined that the
precipitate was indeed enriched with metallic SWNTs.

9

Several metallicity separation techniques for bulk samples (on the order of
milligram to gram quantities) have also been explored.19,35,53-55 The common
characteristic all of these methods share is that they are based on the selective
noncovalent interactions between certain organic molecules and SWNTs.19 For example,
Papadimitrakopoulos and coworkers discovered that the reaction of octadecylamine
(ODA) with purified SWNTs under typical thermal reaction (zwitterions formation)
conditions prefers semiconducting SWNTs over metallic SWNTs; this preference can be
used to obtain samples enriched with either metallicity type.19 Later studies using the
same functionalization reaction revealed that the ODA is highly selective toward smaller
diameter SWNTs (~0.9 nm).54

Both the residue and supernatant fractions were

characterized using the multiple wavelength Raman wavelength of 514 nm and 632 nm
respectively. Quantitative calculations performed using the peaks in RBM region showed
that semiconducting tubes with smaller diameters were functionalized out, leaving only
the metallic SWNTs with similar diameters in the residue. Papadimitrakopoulos et al.
contend that both metallacity separation and diameter separation occur simultaneously.
They also contend that while the reasons for this diameter dependence of metalacity
separation are not currently understood, this diameter dependence may originate from
either electronic amine-SWNT interactions or from curvature induced stabilization.
In similar work, Sun and co-workers reported that larger aromatic molecules such
as tetra-substituted free-base porphyrin (5,10,15,20-tetrakis (hexadecyloxyphenyl)21H,23H-porphine, or THPP) were selective toward semiconducting SWNTs via
noncovalent interactions, when the compound was sonicated with SWNTs in organic
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solvents, resulting in enriched semiconducting nanotubes in the soluble fraction and
enrich metallic nanotubes in the insoluble residue.20 In addition to THPP, other planar
aromatic molecules such as derivatives of pyrene (for example 1-docosyloxymethylpyrene (DomP)) were also found to be effective in selectively solubilizing
semiconducting SWNTs.56 Details of these chemical methods for separating SWNTs
based on electronic structure are presented in the book chapter attached in the appendices.

1.4 Advances Since 2005
Selective destruction of either metallic or semiconducting SWNTs using external
sources such as electric current is an established method for isolating one type of
nanotube from another. However, there have only been two new selective destruction
methods (hydro carbonation reaction and laser irradiation) developed since mid-2005, the
results of which are discussed below. Zhang et al. reported selective etching of metallic
SWNTs by hydro-carbonation reaction.57 Their studies revealed during the reaction all
the smaller (both metallic and semiconducting SWNTs) and larger diameter metallic
tubes were selectively destroyed, leaving only the larger diameter semiconducting tubes.
Their process involved first heating the samples, contained in a medium of methane
plasma, to 400 0C. Next, the sample was annealed in a vacuum and placed in a 4-inch
quartz tube furnace equipped with a remote plasma system. Subsequent AFM
characterization revealed that the smaller diameter SWNTs (d<1.4 nm) were completely
destroyed. Regarding SWNTs with diameter ranges falling between 1.4 nm and 2 nm
only metallic SWNTs were seen to be etched selectively, with only the semiconducting
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tubes remaining. One particular observation concerning the limitations of this method
was rather striking; this method was unable to destroy either the metallic or the
semiconducting SWNTs if they possessed diameters greater than 2 nm. Consequently
Zhang et al. concluded that the selective etching of metallic tubes is highly dependent
upon the selection of the diameter of the nanotubes to be destroyed, and that nearly all
tubes with smaller diameters, (d<1.4 nm), are completely destroyed.
Huang and co-workers reported that they were able to selectively destroy metallic
SWNTs in carbon nanotube thin films using laser irradiation, thusly leaving behind their
semiconducting counterparts (Figure 1.4).58 They irradiated samples using the microRaman system equipped with 514.5 nm (Ar+) and 632 nm (He-Ne) lasers (Jobin Yvon,
Horiba, HR800). For this experiment, the power of the 514.5 nm laser was adjusted in the
range of 0-100 mW while the 632.8 nm laser intensity was fixed at 20 mW. They
performed their SWNT characterizations using multiple Raman excitation wavelengths of
514 nm and 632 nm. Subsequent results, showing the sample to be highly enriched with
semiconducting SWNTs after laser irradiation indicates the process developed by Huang
et al, is a direct and simple method with particular importance for use in constructing
future FET devices.
In addition to these selective destruction methods, Smalley et. al. recently
reported that they were able to generate SWNTs with diameter and surface orientation
similar to the original short SWNT seed.59 Using a short SWNT seed several nanometers
long for their template, they were able to produce individual SWNTs with average
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Figure 1.4

Schematic drawing of carbon nanotubes exposed to laser
irradiation. (From Ref. [58].)
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Figure 1. 5

The sequential steps of selective amplication of SWNTs
starting from very short SWNT segment. (From Ref. [59].)
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lengths of 6.7µm.59 This method is expected to result in the development of methods to
generate electronically pure SWNTs with desired chirality (n, m). This procedure
comprised three steps (Figure 1.5).59 In step one, the SWNTs were baked in hot moist air
and extensively washed in hydrochloric acid to break the carbon shells around the metal
catalyst (Fe) in HiPco tubes, and expose the Fe to dissolution in acid. The SWNTs were
then excised into segments by using fluorine gas, followed by the H2SO4-H2O2 treatment
to generate carboxylic acid groups. This procedure further removed the remaining Fe
catalyst from shorten SWNTs. In step two, the shortened SWNTs were wrapped in
pluronic F87 (MW=7700, BASF) polymer. In step three, the polymer SWNTs were
mixed with polyethylene (PEI)-Fe(NO3)3 solutions and then grown using the Vapor
Liquid Solid (VLS) method. In this process, Fe salts were used as the growth catalyst.
The characterization performed using the AFM technique revealed that the templated
VLS long growth SWNTs had diameter and surface orientations similar to their original
short SWNT seed. Despite these strikingly gratifying results, the question remains if this
method can indeed be used to amplify the original SWNT with same chirality (n, m).
Despite these, this method has a potential to use it in near future to duplicate any desired
chirality with high purity.
As with the relative few new methods for using the physical properties of SWNTs
to isolate the electronically pure fractions, few new methods have been created, since
August 2005, to separate SWNTs using the different chemical reactivity of metallic and

15

a

b

c

Figure 1.6

(a) UV-vis-NIR absorption spectra of the H2O2-treated
SWNT thin films taken at different treatment times. (b)
Raman spectra of the SWNTs before and after H2O2
treatment at 514 nm excitation and (c) is the same
Raman comparison at 632 nm. (From Ref. [60].)
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semiconducing tubes. Of these, one, as reported by Miyata et al, involves the selective
oxidation of semiconducting SWNTs by hole doping using hydrogen peroxide (H2O2) as
an oxidizing agent.60 The optical UV/vis/NIR absorption spectra (Figure 1.6)60 of
SWNTs measured at different heating times in H2O2 and resonance Raman
characterization at 514 nm and 632 nm excitations revealed that H2O2 oxidizes
semiconducting

SWNTs

more

favorably

than

metallic

SWNTs

(especially

semiconducting SWNTs with smaller diameters). It is generally assumed that metallic
SWNTs have a higher chemical reactivity than semiconducting SWNTs because of their
higher electron density at the Fermi level. Mechanistically, Miyata et. al. suggests that
H2O2 acts as a weak hole-dopant that selectively shifts the Fermi level to the first Van
Hove Singularity band of semiconducting SWNTs. If the Fermi level shifts to the first
Van Hove singularity band of semiconducting SWNTs through hole doping, then the
electron density of semiconducting tubes is expected to be higher than the density
observed for metallic tubes. Therefore, it is also expected that semiconducting SWNTs
have a higher chemical reactivity in H2O2 than metallic SWNTs. After the H2O2
treatment, metallic SWNT concentration was found to be greater than 80 % based on
their quantitative UV/vis/NIR absorption characterization.
In a another study using the physical properties of SWNTs to isolate the
electronically pure fractions, Tour, Smalley and coworkers reported that some highly
reactive species such as diazonium salts were preferentially added to the side walls of
metallic SWNTs.7 Toyoda et al. also recently reported that diazonium salt, containing a
long alkyl chain of 4-dodecyloxybenzenediazonium tetra fluoroborate, can be used to
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functionalize metallic SWNTs selectively.61 Because these functionalized SWNTs are
soluble in THF, metallic SWNTs can be extracted to THF leaving the insoluble
semiconducting SWNTs in the residue. The Raman at 514 nm excitation wavelength and
optical absorption studies showed the solution to be enriched with metallic tubes while
the corresponding residue to be enriched with semiconducting tubes.61 Similar to the
diazonium salts, An et al. also found that nitronium ions were selectively adsorbed on
side wall of the metallic SWNTs with higher binding energies, forming a charge transfer
complex between SWNT surface and nitronium ions.62,63 This selective adsorption was
due to the higher availability of electron density at the Fermi level of the metallic SWNTs
than within the semiconducting SWNTs. After this reaction, the semiconducting SWNTs
remained intact while the metallic SWNTs were completely destroyed and removed,
especially for those SWNTs with diameters of less than 1.1 nm. By using the simple
filtration, the soluble carboneous species can be easily removed to recover the
semiconducting SWNT enriched sample. The main limitation of this method was that the
notronium ions destroyed only the smaller diameter metallic SWNTs, leaving behind
both semiconducting SWNTs in all diameters and in the larger diameter metallic tubes (>
1.1 nm). An et al. also reported the selective removal of metallic SWNTs in a gas phase
reaction using fluorine gas.64 The characterization results obtained at multiple
wavelengths of 514 nm, 633 nm and 785 nm and UV/vis/NIR absorption spectroscopy
(Figure 1.7) showed that the fluorine gas selectively destroyed the metallic SWNTs
having smaller diameters (less than 1.1 nm) while the semiconducting SWNTs with the
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Figure 1.7

Raman spectra at 514 nm excitation wavelength. RBM region
before and after the fluorination (left) and the changes in G
band (right). (From Ref. [61].)

19

Figure 1.8

Characterization of separated fractions using
absorption (a) and Raman excitation wavelength
at 514 nm (b). (From Ref. [64].)
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same diameters are remained intact. Like the nitronium ion reaction this fluorine gas
reaction method possessed the same inadequacy; only the smaller diameter metallic tubes
were destroyed, leaving intact all semiconducting SWNTs with all diameters and all
metallic SWNTs with larger diameters (d>1.1 nm).
Maeda et al. reported that bulk separation might be achieved through the use of
smaller amine molecules such as octylamine, propylamine and iso-propylamine, which
were found to be selective toward metallic SWNTs in organic solvents.65-67 After the
reaction, the mixture was centrifuged at ~45000 g for 12 h to obtain the solution and final
residue, the separated fractions were characterized using resonance Raman spectroscopy
at multiple excitation wavelengths of 514 nm and 632 nm and UV/vis/NIR absorption
spectroscopy (Figure 1.8).65 For the 514 nm excitation, smaller diameter metallic tubes
and larger diameter semiconducting HiPco-SWNTs were in resonance. The Raman
characterization results at this wavelength revealed that the smaller diameter metallic
tubes were preferentially solubilized out to the supernatant fraction and that the final
precipitate was enriched with larger diameter semiconducting tubes. For the 632 nm
Raman excitation, the smaller diameter semiconducting tubes and larger diameter
metallic tubes were both in resonance. The Raman results at this wavelength suggested
that the supernatant was enriched with larger diameter metallic tubes. These multiple
wavelength Raman results, at 514 nm and 632 nm, clearly showed the supernatant was
enriched with metallic tubes (both the smaller and larger diameter metallic SWNT) and
that the residue was enriched with semiconducting tubes with no observable diameter
effect in their metallacity separation. The UV/vis /NIR absorption studies also showed
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the high intensity M11 peaks for supernatant fraction and weak intensity of same M11 peak
for residue fraction. These absorption comparison results also provided direct evidence
that the supernatant was enriched with metallic tubes and the residue was enriched with
semiconducting tubes. Maeda et al. also performed four point probe conductivity studies
for the two separated fractions by developing them into bulky papers. The conductivity
results showed the metallic SWNT enriched supernatant fraction possessed conductivity
almost six times higher than that of the prepared SWNT samples.
The above results obtained by Maeda et al. for HiPco SWNTs is somewhat
contradictory over the results obtained from ODA results by Papadimitrakopoulos and
co-workers. Because ODA was found to be selective toward semiconducting SWNTs
(especially those SWNTs with smaller diameters54) the supernatant was enriched with
semiconducting SWNTs and the residue was enriched with metallic SWNTs. However,
Maeda et al. determined that shorter chain alkyl amines preferentially interact with
metallic SWNTs with essentially effect on diameter. As previously stated, it is widely
accepted that smaller diameter SWNTs were more reactive because of their smaller
pyramadization angle and their π orbital misalignment. Therefore, the reactivity of
SWNTs with different polymers or organic molecules is mainly dependent upon the
population balance between the smaller semiconducting SWNTs and the smaller metallic
SWNTs in the starting nanotube sample. Thus, if the starting sample is populated with
more smaller diameter semiconducting SWNTs than the sample for their metallic
counterparts, the solution fraction eventually will be enriched with semiconducting
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SWNTs upon functionalization, leaving behind the metallic tubes in residue, and vice
versa.
In recent work, Mioskowski and co-workers recently reported that they were able
to derive azomethine yelides from trialkylamine-N-oxide react with side walls of SWNTs
in the presence of lithium diisopropylamide (LDA).68 This trialkylamine-N-oxide group
also contained a polycyclic aromatic side chain, such as pyrene or antracene. Since the
aromatic derivatives were π stacking to the nanotube surface, they observed this reaction
was selectively functionalized out the semiconducting SWNTs, leaving behind their
metallic SWNT counterparts in the precipitate.68

The Raman characterizations were

performed at multiple excitation wavelengths of 514 nm and 632 nm. The G band and
RBM comparisons of both excitation wavelengths showed the supernatant was enriched
with semiconducting tubes and the residue was enriched with metallic tubes.
Arnold et al. reported their ability to sort carbon nanotubes according to their
diameter,

bandgap

and

electronic

type,

using

density-gradient

ultra

speed

centrifugation.69 For this separation reaction, SWNTs were dispersed using SDS via
sonication followed by the ultracentrifugation at 64,000 rpm and 41,000 rpm for different
time intervals. Upon centrifugation, the nanotubes formed discrete colored bands in the
centrifuge tubes. Optical absorption studies showed that these discrete bands were due to
SWNTs of different average diameters and different metallacity.69
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1.5 Limitations and Challenges
When the book chapter (attached in appendices) was written in August 2005, two
main limitations were identified in the separation of SWNTs. Most of the separation
methods available during that time could either only generate very small quantities of
SWNT sample or their ability to engage in metalacity separation was hindered by
diameter selectivity in the chemical reaction. In addition to these limitations, most of the
reported post-production separation experiments were centered on HiPco SWNTs7-9,48-52
with only a few exceptions.19,20 It is widely accepted that the pyramidization and πorbital misalignment contribute to the nanotube reactivity resulted from the curvature and
thus with an inverse relationship with the nanotube diameter.70,71 Therefore, smaller
diameter SWNTs are more reactive than larger diameter SWNTs. In other words, if the
starting sample is populated with semiconducting SWNTs possessing smaller diameters
than their metallic counterparts, their preferential solubilization obviously leaves more
metallic nanotubes in the insoluble residue and vice versa. For example, octadecylamine
(ODA) was found to be highly selective toward smaller diameter SWNTs (average
diameter ~0.9 nm).19 The quantitative characterization results obtained, using the
multiple excitation wavelength of 632 nm and 514 nm, clearly showed that the diameter
selectivity controlled the metallacity separation.54
However, despite these new innovations created since August 2005, there is as yet
no ready solution to the vexing problems and limitations involved with the separation of
SWNTs. These issues have yet to be addressed. For example, the hydrocarboration
reaction completely destroyed the SWNTs with diameters of less than 1.4 nm 57 and the
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selective destruction of metallic tubes with laser irradiation is limited to nano gram
quantities or less of the sample.58 Nitronium ion and fluorine gas were found to be
selectively destroy smaller diameter metallic SWNTs (d<1.1 nm) leaving the larger
diameter metallic and semiconducting SWNTs with all the diameters.62-64 Therefore,
these methods are only applicable for the smaller diameter SWNT mixtures (d ~1.1 nm)
which are difficult to find and are unsuitable to separate as opposed to SWNT samples
from more commonly available arc discharge, HiPco or laser methods. In addition, other
methods including the separation of SWNTs using smaller amine molecules,65-67 the
separation of SWNTs using azomethine yelides68 and the separation of SWNTs using
ultra high speed centrifugation,69 are far from being suitable applications for use in
obtaining larger quantities of either metallic or semiconducting SWNTs.
Therefore, to achieve effective separation for samples in bulk quantities, highly
selective (on metalacity and not on diameter) but less invasive techniques are obviously
more desirable. In addition, final products should also be easily distinguishable using the
simple characterization techniques. A careful consideration of these facts leads us to
suggest that the separation technique developed based upon planar aromatic molecules is
the most promising and simple method for obtaining large quantities of both metallic and
semiconducting SWNTs.20

Since the interactions between SWNTs and aromatic

molecules are non-covalent, by using a simple method (dialysis or solvent washing) the
surface functionality of SWNTs can be easily removed to recover the separated fractions.
Because of the simplicity of this separation method is efficient and the recovery of
separated fractions (metallic and semiconducting tubes), this method can easily be scaled
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up to achieve gram quantities of separated samples. Unlike most of the separation
techniques described here which center on HiPco tubes, our separation technique
performs non-covalent functionalization using arc SWNTs.

Because arc produced

SWNTs have narrow diameter distributions (~1.4 nm) over HiPco produced SWNTs
(~0.7 nm to 1.3 nm), the interference of diameter selectivity during the metalacity
separation is minimized by using arc tubes to achieve better separation based on
semiconducting and metallic characteristics.
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CHAPTER 2
SEPARATION OF SEMICONDUCTING AND METALLIC SWNTs
2.1 Separation of Semiconducting and Metallic SWNTs
Using Derivatized Porphyrin1
Single-walled carbon nanotubes (SWNTs) produced via various techniques are
generally mixtures of metallic (1/3) and semiconducting SWNTs (2/3). In the separation
of semiconducting SWNTs from metallic SWNTs, our group previously used 5, 10, 15,
20-tetrakis (hexadecyloxyphenyl)-21H, 23H-porphyrin (THPP) as a functionalization
agent.1 In typical experiment procedure, a purified SWNT sample (100 mg) was added to
a solution of THPP in chloroform (10mg/ml, 20 ml) and the mixture was sonicated
(Fisher scientific FS20, 70W, 42 KHz) for 48 h. Upon the sonication, the mixture was
centrifuged at 1380 g for 15 minutes to obtain the residue and solution fraction. The
residue from the first cycle was used as the starting material for the second cycle of
separation reaction and the same procedure was repeated total of three times to complete
the reaction. After the third cycle the reaction did not work. The three soluble fractions
were combined. Since the interactions between SWNTs and aromatic molecules are noncovalent, using a simple method (dialysis followed by solvent washing the sample with
acetic acid coupled with vigorous centrifugation) easily removes the surface functionality
of SWNTs to recover the separated fractions. The characterization was performed for
both soluble and residue fractions using optical absorption, Raman and bulk conductivity
measurements, and the results showed that the soluble fraction was enriched with
semiconducting SWNTs and the insoluble residue was enriched with metallic SWNTs. In
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addition to THPP, other planar aromatic molecules such as derivatives of pyrene (for
example 1-docosyloxymethyl-pyrene (DomP)) were also effective in selectively
solubilizing semiconducting SWNTs and their affects on diminishing the optical
absorption spectra, especially S11 and S22 absorption bands.2 Since the complexation is
reversible, the characteristic bands can be turned on and off with the complexation in a
reversible fashion. This reversible diminishing of semiconducting band gap transition is
discussed in section 2.2.
Similar to THPP, the derivative of pyrene (DomP) selectively interact with and
solubilize semiconducting SWNTs from the starting purified nanotube, leaving metallic
SWNTs in residue. Since the DomP is readily prepared and largely recoverable from the
extraction experiment, the separation of SWNTs using DomP may be an effective and
convenient method for the separation of semiconducting SWNTs from metallic SWNTs.3
The details of the experimental procedure of the separation of SWNTs by using DomP
and the mechanistic implications of this reaction were extensively studied and are
discussed in section 2.3.
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2.2 Diminished Band-Gap Transitions of Single-Walled Carbon
Nanotubes in Complexation with Aromatic Molecules
2.2.1 Introduction
The electronic and optical properties of single-walled carbon nanotubes (SWNTs)
have been investigated by many research groups.1-5 It is now well-established that the
electronic structures of semiconducting SWNTs are characterized by several pairs of van
Hove singularities in the electronic density of states.3,4 Transitions associated with the
first (S11) and second (S22) singularity pairs are widely observed in absorption spectra of
SWNT samples produced by various methods and thus of different diameters and
diameter distributions.4,5 It has also been reported that the doping of SWNT surface could
have a significant effect on the S11 absorption,4,6-8 and more dramatically that the surface
modification via chemical functionalization could effectively eliminate the S11 and S22
absorption bands.9 The latter was attributed to significant perturbations in the electronic
structure by the surface modification and a disruption to the extended π-network of the
nanotube.9 We report here that similarly significant effect on the van Hove singularity
pairs can be caused by non-covalent complexation of the nanotube with planar aromatic
molecules such as pyrenes in solution, resulting in the absence of S11 and S22 bands in the
near-IR absorption spectrum. Since the complexation is reversible, the characteristic
absorption bands can be turned on and off with the complexation in a reversible fashion.
The attachment of pyrene and other aromatic species to the carbon nanotube
surface via non-covalent interactions (“π-π stacking”) has already been reported in the
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literature.10-22 Similar in previous chapter, we used pyrene derivative with a long alkyl
tail, 1-docosyloxymethyl-pyrene (DomP), for the solubilization of SWNTs via noncovalent interactions.

2.2.2 Experimental Section
2.2.2.1 Materials
1-Bromodocosane, 1-pyrenemethanol, 9-Antracenemethanol and sodium hydride
(NaH) were purchased from Aldrich. THF, CHCl3 and hexane were purchased from
Burdick and Jackson. THF was dried over molecular sieves and then distilled over
sodium before use. Other solvents either were of spectrophotometry /HPLC grade or
were purified via simple distillation. The SWNT sample was produced in Professor A. M.
Rao’s laboratory (Physics Department, Clemson University) by using the arc discharge
method. It was purified by oxidative acid treatment according to an established
procedure.23

2.2.2.2 1-Docosyloxymethyl pyrene (DomP)
1-Pyrenemethanol (1.2 g, 5.2 mmol) was refluxed with 1-bromodocosane (2.3 g,
5.9 mmol) in the presence of NaH (1.5 g) in dry THF (150 mL) for 48 h. The crude
product was purified on a silica gel column using hexane as eluent. Final product was
obtained as a light yellow solid (70% yield). 1H-NMR (CDCl3, 500 MHz) δ 8.38 (d, 1H, J
= 9.1 Hz), 8.21-8.11 (m, 4H), 8.07-7.98 (m, 4H), 5.21 (s, 2H), 3.61-3.59 (t, 2H, J = 6.4
hz), 1.69-1.63 (m, 2H), 1.38-1.35 (m, 2H), 1.29-1.20 (broad, 36H), 0.89-0.86 (t, 3H, J =
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6.4 Hz). 13C-NMR (CDCl3, 125 MHz) δ 131.9, 131.4, 131.3, 130.9, 129.4, 127.7, 127.5,
127.4, 127.0, 126.0, 125.2, 125.0, 124.8, 124.6, 123.6, 71.6, 70.7, 32.0, 29.8, 29.8, 29.7,
29.5, 29.5, 26.3, 22.8, 14.2. MALDI-TOF: (m/z) = 540 (M+).

2.2.2.3 9-Docosyloxymethyl-antracene (DomA)
9-Antracenemethanol (1g, 4.8 mmol) was refluxed with bromodocosane (1.8g, 4.8
mmol) in the presence of NaH (1 g) in dry THF (150 ml) for 48 h. The crude product was
purified on a silica gel column using hexane: chloform (9:1). Then hexane: chloroform
(7:3) was used as eluent to recover the final product with light yellow color. 1H-NMR
(CDCl3, 500 MHz) * 8.43 (s, 1H), 8.37 (d, 2H, J= 8.25 Hz), 7.99 (d, 2H, J= 8.75 Hz),
7.53-7.50 (m, 2H), 7.46-7.42 (m, 2H), 5.43 (s, 2H), 3.66- 3.64 (t, 2H, J= 6.4), 1.65-1.59
(m, 2H), 1.33-1.14 (broad, 38H), 0.87-0.84 (t, 3H, J=6.85). 13C-NMR (CDCl3, 125MHz)
* 131.55, 131.10, 129.06, 128.30, 126.14, 124.99, 124.52, 70.90, 65.07, 32.00, 29.95,
29.81, 29.50, 26.30, 22.80,14.20. MALDI-TOF: (m/z) = 516 (M+).

2.2.2.4 Measurements
UV/vis/near-IR absorption spectra were recorded on Shimadzu UV3100 and
Thermo-Nicolet Nexus 670 FT-NIR spectrometers. Raman spectra were obtained on a
Renishaw Raman spectrometer equipped with a 50 mW diode laser source for 785 nm
excitation and a CCD detector. Thermo gravimetric analysis (TGA) was carried out on a
Mettler-Toledo TGA/SDTA851e system. Transmission electron microscopy was
conducted on Hitachi HD-2000 STEM and Hitachi HF-2000 TEM systems with digital
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imaging capabilities. Sonication was done using fisher scientific FS 20, 70 W, 42 KHz.
The centrifiugation was carried out with using Fisher scientific centricfic model 228 and
Eppendorf centrifuge 5417R.

2.2.2.5 Carbon Nanotube Functionalization
In the functionalization of SWNTs with DomP, a purified SWNT sample (150
mg)23 was added to a THF solution of DomP (10 mg/mL, 30 mL). The mixture was
sonicated for 24 h, followed by centrifuging at 1380 g for 20 min. The solid residue was
used as the starting material to undergo another round of sonication-centrifuging under
the same experimental conditions. The solution in THF thus obtained was centrifuged at a
higher speed (25,000 g) for 3 h. The apparently homogeneous supernatant contained an
equivalent of about 22 mg SWNTs, namely that the non-covalent SWNT-DomP
interactions kept about 15% of the starting SWNT sample in solution without
precipitation even in such a strong centrifuging filed (25,000 g).

2.2.3 Results and Discussion
The supernatant containing the solubilized SWNTs and the entire DomP sample
was used to prepare specimen for Raman spectroscopy (785 nm excitation), scanning
transmission electron microscopy (STEM, Hitachi HD-2000) and transmission electron
microscopy (TEM, Hitachi HF-2000) characterizations. The Raman results are typical of
SWNTs (Figure 2.2.1), and the STEM and TEM images exhibit composite-like
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Figure 2.2.1. Raman spectrum (785 nm excitation) of the
DomP-SWNT sample after dialysis
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morphology with clear evidence for the substantial presence of exfoliated SWNTs
(Figure 2.2.2 and 2.2.3).
The THF solution of the DomP-solubilized SWNTs in the presence of DomP was
used in absorption measurements. The nanotube equivalent concentration in the solution
was 0.7 mg/mL, with the DomP concentration of 8.8 mg/mL. While the nanotube
equivalent concentration was relatively high, there were no S11 and S22 bands in the
observed vis/near-IR absorption spectrum (Figure 2.2.4). The same solution was dropped
onto a glass slide to evaporate off the solvent THF. The absorption spectrum of the
sample (SWNTs with DomP) in the solid state also exhibited no S11 and S22 bands
(Figure 2.2.5). On the other hand, the deposition of an equivalent amount of purified
SWNT sample without DomP on the same substrate allows ready observation of the
characteristic S11 and S22 transitions at 1,850 nm and 1,030 nm, respectively.
The absence of the S11 and S22 absorption bands for SWNTs in the solution with
DomP may be attributed to effects associated with the complexation of the nanotube with
DomP species, which is responsible for the nanotube solubilization. Such complexation is
likely based on the non-covalent attachment of the planar pyrene moiety in DomP to the
nanotube surface10,11 and thus reversible under different experimental conditions. In order
to remove the attached DomP species from the nanotube surface, the solution of SWNTs
with DomP was treated in two different ways. One was to transfer the solution into a
polyvinylidene fluoride (PVDF) membrane tubing (cutoff molecular weight ~ 250,000,
Spectrum Laboratories) for dialysis against THF until the disappearance of the
characteristic pyrene absorption peaks at 330-350 nm. As a result of the DomP removal
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Figure 2.2.2. STEM image (acquired in the SE mode) of the DomPsolubilized SWNT sample.
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Figure 2.2.3. HR-TEM images of the DomP-SWNT sample showing
individual nanotubes and thin-bundles.
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Figure 2.2.4. Absorption spectra of the DomP-solubilized SWNTs
sample in THF (----) and in D2O/SDS suspension
after the removal of DomP via dialysis.
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in the dialysis, most of the nanotubes precipitated out of the solution. The other way was
to reflux the SWNT - DomP sample with cyclohexane for 12 h, followed by repeated
cycles of cyclohexane washing - vigorous centrifuging. The solid residue contained
primarily the recovered nanotubes according to thermogravimetric analysis. Both
treatments were purposely designed to be under relatively mild experimental conditions
so as not to invoke any processes for defunctionalizing covalently attached species. The
successful removal of DomP from the nanotube in both treatments lends strong support to
the conclusion that the complexation is non-covalent in nature. As expected, the
recovered SWNTs exhibit the characteristic S11 and S22 absorption bands (Figure 2.2.4
and 2.2.5). These results suggest that the diminished band-gap transitions of
semiconducting SWNTs are due to the non-covalent complexation and that the effect on
the transitions is reversible in accordance with the reversibility of the complexation.
It is known in the literature that the doping of SWNT surface could have
significant effect on the S11 absorption band, resulting in a reduction or even elimination
in absorptivity, but much less effect on the S22 absorption band because of the higher
energy.8 So far, an elimination of both S11 and S22 absorption bands can only be achieved
via covalent chemical modification of the SWNT sidewalls.9 Thus, it is often suggested
that the solubilization of SWNTs by non-covalent techniques, such as those based on
interactions with aromatic species, better preserves the nanotube electronic structures.
What reported here represents the first experimental demonstration that the non-covalent
complexation of a semiconducting SWNT with aromatic molecules can also affect the
nanotube electronic structures and the associated optical transitions in a dramatic fashion.
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In addition to DomP, the planer aromatic molecules such as a tetra-substituted
free-base porphyrin15 (THPP) which we previously reported for similar selective
interactions with semiconducting SWNTs, could also reversibly diminish SWNT bandgap transitions under similar conditions (not shown). However, our further experiments
using different planar aromatic systems showed, such interactions might not be universal
for all aromatic molecules. For example, an antracene analog of DomP, 1docosyloxymethyl-antracene (DomA), failed to solubilize any SWNTs in THF and no
absorption diminishment was found. This may be the interactions between DomA and
SWNTs were too weak or in some unfavorable structural conjugation configurations to
solubilize any nanotubes even if there were some selectivity at the given conditions.
“π-π stacking” has been a common description for the interactions between the
two π-electron systems of aromatic molecules and the graphitic surface of carbon
nanotubes.10- 22 While the mechanism for diminishing effect is not clear, we suspect that
the SWNT-DomP complexation via non-covalent interactions probably changes the
nanotube electronic density of states. Conceptually, a complex in which a SWNT is noncovalently covered by a layer of planar aromatic moieties (Scheme 2.2.1)25 may be
viewed as a highly defective double-walled carbon nanotube (DWNT), so that the
electronic density of states may be significantly different from that in the naked SWNT.
In fact, theoretical calculations have shown that in a DWNT the electronic structure of
the inner (semiconducting) tube is strongly perturbed by the external layer, with energy
gaps vanishing as a result from the overlap of the conductance and valence bands.24
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≡

Scheme 2.2.1. A schematic representation of a semiconducting SWNT
covered with a DomP monolayer, which is conceptually
similar to highly defective double wall carbon nanotubes.
(From Ref. [25].)
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Recent reports based on calculations and transistor device measurements suggested the
presence of charge transfer effects in a SWNT adsorbed with small aromatic
molecules.26,27 The results presented here demonstrate that the electronic properties of
SWNTs are indeed vulnerable to effects of planar aromatic moieties in a relatively strong
and non-invasive fashion. Thus, there might be opportunities to manipulate or even
control such properties for specific applications.
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2.3 Separation of Semiconducting and Metallic Single-Walled
Carbon Nanotubes Using 1-docosyloxylmethyl pyrene (DomP)

2.3.1 Introduction.
Single-walled carbon nanotubes (SWNTs) are of various chiralities in structure;
statistically two-thirds are semiconducting while the rest remain metallic often due to
mere structural differences.1,2 The excellent mechanical properties and the onedimensional structure of SWNTs make them attractive candidates for use in various
applications. However, while many of these applications require only metallic or
semiconducting SWNTs, currently available as-produced SWNT samples are always a
mixture, making the availability of one nanotube metallicity type (i.e. metallic vs.
semiconducting) of paramount importance.
Despite some recent progress in the preferential production of certain metallicity
or chirality types3, 4 sorting nanotubes in the post-production is perhaps a more tangible
topic, partially because metallic and semiconducting SWNTs were found to have many
different chemical and physical properties which may be utilized in the structural sorting.
For example, metallic SWNTs were found to be more vulnerable than their
semiconducting counterparts to various covalent functionalization reactions,5,6 some of
which had led to the concentration of semiconducting SWNTs by destroying metallic
ones.7-9 Separations to obtain both metallicity types have been explored using
dielectrophoresis of surfactant-dispersed SWNTs and anionic exchange chromatography
of DNA-wrapped SWNTs in aqueous environments.10-12 The principle for these
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separation techniques is based on the higher polarizibility of metallic SWNTs. However,
individually dispersed SWNTs are required as starting materials, making the relevant
scale-up rather challenging. Several metallicity separation techniques for bulk samples
(on the order of milligram to gram quantities) have also been explored.13,14 One common
characteristics for most of these methods is that they are based on the selective
noncovalent interactions between certain organic molecules and SWNTs. For example,
Papadimitrakopoulos and coworkers found that the reaction of octadecylamine with
purified SWNTs under typical thermal reaction (zwitterion formation) conditions is
preferential toward semiconducting SWNTs over metallic ones (and also toward smaller
diameter nanotubes), which could be used to obtain samples that are enriched with either
metallicity type.13 Maeda et al. reported that the bulk separation might be achieved by
using some smaller amine molecules (e.g. octylamine and propylamine), which were
found to be selective toward metallic SWNTs in organic solvents.15,16
We previously reported that a tetra-substituted free-base porphyrin (5,10,15,20tetrakis (hexadecyloxyphenyl)-21H,23H-porphine, or THPP) is selective toward
semiconducting SWNTs via noncovalent interactions when the compound was sonicated
with SWNTs in organic solvents, leading to enriched semiconducting nanotubes in the
soluble fraction and enrich metallic ones in the insoluble residue.14 More recently, we
found peculiar interactions occurring between SWNTs and other large aromatic
molecules, such as a pyrene-containing molecule with a long alkyl chain (1docosyloxylmethyl pyrene, or DomP), that diminished the SWNT band-gap transitions
upon noncovalent conjugation while the mechanistic details are yet to be understood (see
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chapter 2.2).17 Here we report that DomP, similar to THPP, is also selective toward
semiconducting SWNTs. The preferential solubilization of semiconducting SWNTs
makes it possible to separate/enrich the two metallicity types in bulk quantity. The
outcome of metallicity separation is supported by comprehensive studies including
optical absorption spectroscopy, Raman, and conductivity studies of bulk samples. The
SWNT metallicity selectivities of DomP and THPP also likely share a similar
mechanistic origin.

2.3.2 Experimental Section
2.3.2.1 Materials
Tetrahydrofuran (THF) and dimethyl formamide (DMF) were obtained from
Mallinckrodt and distilled before use over sodium and calcium hydride, respectively.
Dialysis tubing (PVDF membrane) with molecular weight cutoff-250,000 was purchased
from spectrum Laboratories, Inc. and Sigma Aldrich, respectively. The SWNT sample
(from arc-discharge) was purchased from Carbon Solutions, Inc. and purified by a
combination of thermal oxidation and oxidative acid treatments as reported
previously.18,19 Briefly, the as-received sample (1 g) was heated in a furnace to 300 oC in
air for 30 min and then refluxed in diluted nitric acid (2.6 M, 500 mL) for 48 h. The solid
was collected via simple centrifugation at 1380 g and it was repeatedly washed with
deionized water till the supernatant was neutral pH. The residue was dried using rotary
evaporation and then the collected SWNT sample was kept overnight in a vacuum oven

53

prior to use in the separation reaction (330 mg). DomP was synthesized using the same
procedure as described ealier.17

2.3.2.3 DomP-Assisted SWNT Separation
In a typical experiment (Scheme 2.3.1 and 2.3.2), a purified SWNT sample (150
mg) was added to a solution of DomP in dry THF (10 mg/mL, 60 mL). The mixture was
homogenized (Fisher Scientific Power Gen 125) for 1 h and sonicated (VWR Model
250D) for 24 h. The reaction mixture was then centrifuged at 1,380 g for 1-2 min to
separate dark-colored supernatant from insoluble solid. The solid was then subject to
another two rounds of reaction with DomP. The supernatant solutions were combined as
the soluble fraction while the remaining residue was collected as the insoluble fraction
(59 mg).

2.3.2.4 Measurements
UV/vis/NIR absorption spectrum was recorded on a Shimandzu UV3600
spectrophotometer. Raman spectra were obtained on a Renishaw Raman spectrometer
equipped with a 50 mW diode laser source for 785 nm excitation and Jobin Yvon T64000
Raman spectrometer equipped with a triple monochromator, a research grade Olympus
BX-41 microscope, a liquid nitrogen-cooled symphony detector, and excitation source of
a melles-Griot 35 mW He:Ne laser at 632 nm. Thermogravimetric analysis (TGA)
experiments were performed on a Mettler-Toledo TGA/SDTA851e system or a TA
Instrument TGA Q500 analyzer. Two centrifuge machines were used: for low-speed
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centrifugation (the Fisher Scientific, centric model 228) and for high-speed centrifugation
(the Beckman-Coulter Optima L90K ultracentrifuge with a type 90 Ti fixed-angle rotor).
Scanning electron microscopy (SEM) images were obtained on a Hitachi S4700 field
emission system. Current-voltage (I-V) relationships of the nanotube “bucky paper”
samples were measured using traditional four point probe technique with Keithley 2400
multimeter controlled by Lab Tracer 2.0 software (Keithley Instruments, Inc.). Electrical
conductivity values were calculated according to σ = [(π/ln2)*(I/V)]/t, where t is the
specimen thickness.

2.3.3 Results
2.3.3.1 Separation Reaction
The separation of the purified arc SWNT samples was achieved via three
sequentially repeated functionalization reactions using DomP under the same sonication
conditions (Scheme 2.3.1 and 2.3.2). From each round of the reaction, a soluble fraction
was obtained from extraction of the reaction mixture with THF, while the insoluble
fraction was used as the starting material for the next round until the completion of three
cycles. Upon the completion of three cycles, the fourth cycle was also attempted and no
SWNTs were solubilized out. The solutions of all three solution fractions were colored,
serving as visual indication for the presence of carbon nanotubes; they remained stable
only for short period of time (0.5-1h) before they were precipitated down. The three
solution fractions were combined and denoted as “solution” and the final residue after
three cycles of separated reaction was denoted as “residue”. The next step involved the
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removal of DomP from SWNT surface to recover SWNTs from solution and residue
fractions as well as recovering DomP.
For this purpose we used the two step “soft” removal technique. In the first step
both the solution and residue from the DomP-SWNT reaction were subjected to dialysis
against chloroform for 3 days by using a PVDF membrane (molecular weight cutoff
250,000). Before dialysis more than 90 % of DomP and less than 10 % of SWNT was
present in the solution sample according to the TGA analysis (25 oC to 800 oC at 10
o

C/minute in N2) (Figure 2.3.1). Compared to the solution, the residue contained less

DomP (34 % Domp and 66% SWNTs) according to same TGA analysis. Although the
residue contained less DomP than solution, the dialysis was first performed to remove
most of the DomP from the nanotube surface. The TGA analysis, performed under the
same conditions, showed that most of the DomP was removed from SWNT surface. Only
10-15% and 5-6 % was left after the dialysis in solution and residue, respectively. In
order to remove all the DomP from the SWNT surface, the precipitants were collected
and refluxed thoroughly with CHCl3 overnight. The recovered final samples of solution
and residue after the solvent washing showed no meaningful weight loss (<3 %) up to
400 oC under inert atmosphere in TGA (figure 2.3.1). In addition to this two step soft
removal method, as confirmed by TGA studies, thermal annealing at 600-800 oC in inert
atmosphere completely removed DomP from the SWNT samples. As shown in the SEM
images in figure 2.3.2, SWNTs from both soluble and insoluble fractions after such
thermal treatment appear similar with little observable organic coatings.

58

100

Weight Loss (%)

80

60

40

20

0
200

400

600

Temperature 0C

Figure 2.3.1

TGA traces (N2, 10 oC/min) of the solution (), residue ()
before DomP is removed and the solution (---) and residue (---)
after the DomP is removed by dialysis followed by refluxing with
CHCl3.
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Figure 2.3.2

SEM images of purified SWNTs (a), solution
fraction (b) and final residue (c) after the dialysis
and solvent washing to remove DomP.
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The separation reaction was started with 150 mg of purified arc-SWNTs mixing
with 300 mg of DomP. The same reaction was continued for two more cycles (300 mg of
DomP was used in each cycle) using the residue as the starting material from the previous
cycle. The weight of the solution fractions, before the DomP was removed by dialysis
and refluxing in CHCl3, were 333 mg, 301 mg and 306 mg for fraction 1, fraction 2 and
fraction 3, respectively, and the weight of the final residue was 79 mg. Thermal
defunctionalization via TGA at 10 oC/ min in nitrogen atmosphere was used to obtain the
nanotube content in each sample to assess the total solubilization yield. According to
TGA analysis, the SWNT equivalent content in three solution fractions were
approximately 55 mg, 24 mg and 12 mg, respectively, (total of 91 mg). The nanotube
content in residue should be ~ 59 mg according to the weight balance (the separation
reaction was started with 150 mg). Similar to the solution fractions, the same TGA
analysis was performed for the residue fraction and the results showed ~ 52 mg of
SWNTs within. Therefore, the total of 98 mg should be functionalized into the solution
fractions according to the weight balance. These data clearly suggested the three cycles of
repeated functionalization reaction separated approximately 91-98 mg (~ 2/3) of the
starting SWNT sample into the solution leaving behind 59-52 mg (~) 1/3 of SWNTs in
the final residue.
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2.3.3.2 Re-use of DomP
The DomP recovered after the two-step soft removal method (dialysis followed
by solvent washing) showed little difference in the DomP structure before and after the
separation reaction. The recovered DomP sample was analyzed using UV/vis
spectroscopy (Figure 2.3.3a) and NMR (Figure 2.3.3b), and the optical absorption studies
showed more than 90 % DomP could be recovered after the separation reaction. The
NMR analysis also showed little meaningful differences among all the characteristic
peaks related to DomP for recovered samples. In the investigation of reactivity, a
separation reaction was performed using recovered DomP subsequent to washing with
hexane: chloroform (1:1).
Similar to the previous separation reaction, 150 mg of purified SWNTs was
mixed with 300 mg of recovered DomP and the mixture was sonicated for 24 h followed
by centrifugation for 1 minute at 1380 g to separate the solution and the residue fractions.
Similar to the previous separation reaction, this reaction was continued for two more
cycles using the residue from the previous cycle as starting material to obtain the second
and third solution fractions and the final residue. The dialysis was performed for solution
fractions and final residue to remove the DomP. Subsequent to the dialysis, the solution
and residue fractions were washed by refluxing overnight in CHCl3. The results showed
that the three cycles of repeated functionalization reaction using recovered DomP
separated approximately 95 mg of the starting SWNT sample into the solution leaving a
residue of 55 mg of SWNTs. This weight ratio is comparable with the same weight ratio
obtained for the separation reaction performed using the “as synthesized” DomP.
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Figure 2.3.3

(a) The absorption of as synthesized DomP (blue)
according to standard procedure and the recovered DomP
(red) after the separation. (b) NMR spectra of as
synthesized (bottom/blue) and recovered (top/red) DomP.
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2.3.3.3 Bulk Conductivity.
The specimens in the form of “bucky paper” of comparable thicknesses (~45 µm)
were used for bulk conductivity measurements, and these papers were prepared using a
procedure already reported in literature.20,21 In the specimen fabrication, a homogenized
DMF suspension of a given nanotube sample (0.6 mg/mL, 20 mL) was filtered through a
PVDF membrane (Whatman, 0.45 µm, 47 mm diameter). The thin layer of bucky paper
formed on the membrane was then subsequently peeled away. The bucky paper was
vacuum-dried at 40 oC for 12 h and then annealed at 600 oC for 2 h before the
measurements. The voltage-current relationships for the specimens were measured using
the traditional four-point probe method (Figure 2.3.4). The conductivity values for
residue, purified tubes and solution fraction were 53.9, 17.9, and 10.4 S/cm, respectively.

2.3.3.4 Raman Characterization
The Raman measurements were performed at multiple excitation wavelengths of
785 nm (1.58 eV), and 632 nm (1.96 eV). In order to avoid the known luminescence
interferences, the soluble fraction, residue fraction and purified SWNTs were annealed at
800 oC for 30 minutes before Raman characterization was performed. The Raman
spectrum of the starting purified SWNT sample at 785 nm and 632 nm excitation exhibits
typical Raman features: G-band at ~1592 cm-1, D-band at ~1330 cm-1, and RBM feature
groups in the range of 20-200 cm-1.
As shown in figure 2.3.5, the G-bands from residue SWNTs at both excitation
wavelengths exhibited significant BWF components, which is lacking in the spectra of
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Figure 2.3.4

I-V curves for residue fraction (red), purified SWNTs
(black) and solution fraction (blue) in bulky papers made
with thickness of ~ 45 µm.
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Figure 2.3.5

Raman G bands with 785 nm (a) and 632 nm (b) excitation
wavelengths are compared for the starting purified sample
(black), residue fraction (red) and solution fraction (blue). All
the fractions were annealed at 800 oC for 30 minutes before
measurements.
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solution SWNT. The G-band shape from starting purified SWNTs appeared largely in
between. Since large and small diameter metallic SWNTs were excited at 785 nm and
632 nm, respectively, these observations strongly support that the metallic SWNTs of all
diameters become enriched over semiconducting ones in residue SWNTs while being
depleted from solution SWNTs.
As shown in figure 2.3.6, for both excitation wavelengths of 785 nm and 632 nm,
the radial breathing modes (RBM) of residue fraction showed higher intensity than those
in the solution fraction while the RBM of starting purified SWNTs appeared largely inbetween. As noted above, large and small diameter metallic SWNTs were excited at 785
nm and 632 nm, respectively. Therefore, these RBM comparison results also show that
metallic SWNTs of all diameters are enriched in residue while the solution is enriched
with semiconducting SWNTs of all diameters.

2.3.3.5 Optical Absorption
In the specimen preparations for optical absorption studies, the non-covalently
attached DomP was removed from the SWNT surface by using the same soft removal
method described in the previous section. The specimen preparation procedure was
essentially the same for both the solution and residue SWNTs. In a typical experiment, a
nanotube sample was dispersed into DMF (to ~0.5 mg/mL) and spray-coated onto a glass
slide to form a thin, transparent, and homogeneous layer. To ensure the complete removal
of the residual attached DomP molecules and other possible dopants, the specimen was
further annealed at 600 oC for 2 h in inert atmosphere before the measurements.
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Figure 2.3.6

Raman RBM regions with 785 nm (a) and 632 nm (b)
excitation wavelengths are compared for the starting
purified sample (black), residue fraction (red) and solution
fraction (blue). All the fractions were annealed at 800 oC for
30 minutes before measurements.
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The two prominent peak features centered at ~1,800 nm (or ~0.7 eV) and ~1,000 nm (or
~1.2 eV) have been commonly attributed to the electronic transitions between the first
and second pairs of van Hove singularities (vHs) in the density of states (DOS) of
semiconducting SWNTs (known as S11 and S22), respectively.5,10,11,22-24 Another peak
feature centered at ~700 nm (or ~1.8 eV) has been considered to consist of the transitions
between the first vHs pairs of metallic SWNTs (known as M11).5,10,11,22-24 As shown in
figure 2.3.7, the optical absorption spectra for both solution fraction and residue fraction
exhibited all the characteristic SWNT features, including S11, S22 and M11. However, the
signal intensities from these two specimens significantly differ. In particular, while the
M11 intensity for solution fraction is somewhat lower than that for residue fraction, the
S11 and S22 peaks of the solution fraction are much more intensive than those in the
residue fraction. Even though the intensity of S11 and S22 between solution fraction and
residue fraction showed a clear difference (solution fraction has much higher intensity)
the peak intensities of M11 does not show a significant difference between two fractions,
as one might expect. This might be because of the overlap of M11 peak with S33 peak and
this issue is further explained in the last paragraph of the results section.

2.3.3.6 Evaluation of the Enrichment
For our separated SWNT samples, the enrichment calculation was performed
using the comparison of S11 peak areas of the purified, solution and residue fractions.
Because the S11 intensity may be more vulnerable to various environmental factors (such
as the presence of dopants) the films were annealed at 600 oC for two hours to remove
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Figure 2.3.7

UV/vis/near-IR absorption spectra of the starting
material (black), final residue (red) and the solution
fraction (blue) on glass slides. All three glass slides were
annealed at 600 oC for 2 h in inert atmosphere before
measurements.
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any doping effect prior to performing the absorption studies. It is widely accepted that the
ratio of metallic to semiconducting in arc produced SWNTs is 1:21,2. Therefore, we
assumed in the calculation that the purified SWNTs encompass 66.6 % of
semiconducting SWNTs and 33.3 % of metallic SWNTs.
The exact location of baseline is unclear when the area of S11 peak is calculated
with different fractions. Therefore two arbitrary baselines were selected as shown in
figure 2.3.7 to determine the areas of the S11 peak. The calculations were performed for
five different batches with two different baselines. The results showed that the solution
fraction was enriched with 92-98% of semiconducting tubes and 2-8% of metallic tubes.
The same enrichment calculations also showed that the residue fraction was enriched
with 82-87 % of metallic tubes and 13-18 % of semiconducting tubes.

2.3.3.7 Interference of M11 Peak by S33 Peak
In the investigation of the absorption feature at 600-800 nm (interference of M11
peak with S33) we analyzed empirical Kataura plots in the literature, especially in the
work published by Weisman and coworkers using Contour plots of band gap fluorescence
and absorption spectroscopy to measure the energy of each peak (S11, S22 and S33) vs.
diameter.23,24 In addition to above-mentioned work, we analyzed the similar work of
empirical Kataura plots and energy of band gap transitions (S11, S22, M11 and S33) vs. the
diameter of SWNTs with using optical absorption studies published by other groups.22-26
All these empirical energy values of S33 and M11 obtained for different nanotube
diameters are summarized as shown in table 2.3.1 and plotted (band gap transition energy
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Table 2.2.1 Energy of S33 and M11 vs. diameter of SWNTsa,b,c,d


Diameter (nm)

EM11 (eV)

ES33


0.53
0.59
0.59
0.65
0.70
0.70
0.75
0.75
0.80
0.82
0.83
0.85
0.85
0.88
0.88
0.90
0.92
0.95
0.95
0.95
0.95
0.98
0.98
1.00
1.02
1.04
1.04
1.08
1.10
1.10
1.10
1.12
1.12
1.18
1.18
1.18
1.21
1.21
1.21
1.30
1.30
1.30
1.30
1.35
1.35
1.40
1.40
1.23
1.23
1.23
1.32
1.32
1.40

3.30b
3.35b
2.65b
2.90b
2.55b
2.95b
2.65b
2.80b
2.80b
2.65b
2.40b
2.28b
2.35b
2.55b

2.18b
2.35b
2.50b
2.55b
2.20b
2.35b
2.15b
2.25b
1.99b
2.20b
2.25b
1.99b
2.15b
1.95b
1.99b
2.05b
1.83b
1.95b
1.75b
1.80b
1.85b
1.90b
1.80b
1.90b
1.75b
1.84b
1.75c
1.89c
2.20c
1.75c
1.80c
1.75d

3.55a
3.45a
3.70a

3.25a
3.35b
3.15a

2.23a
3.20a
3.05a
2.45a
2.80a

2.4a
2.5a
2.6a

1.75d


a

Weisman et.al. Nano Lett. 2003, 3, 1235.23b
Strano, et. al. J. Am. Chem. Soc. 2003, 125, 16148.24
c
Hamon, et.al. J Am. Chem. Soc. 2001, 123, 11292.22
e
Determinded from the absorption spectra of figure 3.8
b
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Energy of S33 (red) and M11 (blue) vs. diameter of SWNTs
Weisman et.al. M. Nano Lett. 2003, 3, 1235 ( ES33 (▲))23b
Strano, M. S. J. Am. Chem. Soc. 2003, 125, 16148 (EM11(●))24
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vs. diameter) as shown in figure 2.3.8. The energy values of S33 and M11 are high for
smaller diameter SWNTs, which gradually decrease when the tube diameter is increased
(in both S33 and M11). As compared to M11 peak, the energy of S33 decreases at a slightly
faster rate with an increase in the tube diameter. As shown in figure 2.3.8, the simple
regression plot was drawn for these data (band gap energy vs. diameter) and the results
showed that the energy of S33 peak overlaps with the energy of M11 when the diameter is
larger than 1.4 nm. Because the arc produced SWNTs have a diameter approximately 1.4
nm22, the band gap transition energy of S33 peak should also overlap with band gap
transition energy of M11 peak. This may be one possible reason why the peak intensity in
600-800 nm region of solution and residue fractions showed little significant difference
when the separation reaction was performed.

2.3.4 Discussion
The separation reaction of arc SWNTs with DomP was carried out under
sonication conditions. At such conditions, it has been proposed that non-covalent
formation (directly on SWNT graphitic surface) is the major mechanism for the
functionalization and resulting solubilization. In the separation, three functionalization
reactions solubilized approximately 2/3 of starting material to the solution, leaving 1/3 in
final residue. This suggests that either remaining nanotube in the residue was mostly not
solubilized or that their morphology became inefficient for further functionalization
reaction at similar conditions. As reported previously, the presence of DomP on SWNT
surface may alter the electronic structure of the nanotubes, resulting in apparent
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diminishment of the band gap transitions.17 Therefore, the attached DomP molecules
must be removed in order to accurately assess the intrinsic metalacity composition of
both soluble and insoluble fractions, although the latter was of somewhat less concern
due to low DomP content (<30 %).
We used two methods to remove the free and attached DomP to recover the
separated SWNTs: i) annealing the sample at 600-800 oC for 2 h in nitrogen protection or
ii) “soft” removal method using dialysis followed by a solvent wash using CHCl3.
Thermal annealing under these conditions is a effective way to remove (>99%) of DomP
from the separated nanotube samples. However, the SWNT after such treatments were
heavily bundled and difficult to be dispersed in any solvent, preventing further processing
(such as specimen preparation for optical absorption). To overcome these limitations, the
“soft” removal technique (dialysis followed by CHCl3 wash) was used. The success of
this technique is a direct consequence of and strong evidence for the non-covalent nature
of DomP-SWNT interactions. The clean samples thus obtained (>97 %) were readily
dispersible in various solvents, making the samples amenable for further processing and
evaluation. Some of these material properties are similar among different fractions. For
example, SEM technique used to characterize the solution fraction, residue and as
purified SWNTs (after thermal annealing) did not show an apparent difference among
them. Our conductivity studies showed the residue has higher conductivity (lower slope
in the voltage-current plot) than purified SWNTs and the solution. This conductivity
study is direct evidence that the residue obtained after the separation reaction is enriched
with metallic SWNTs while the solution was enriched with semiconducting SWNTs.

75

Resonant Raman spectroscopy has been most useful in the characterization of the
nature (e.g. metallicity and diameter) of SWNTs in resonance with the laser excitation.2730

For example, it is known that the broad and unsymmetrical Breit-Wigner-Fano (BWF)

lineshape of the lower frequency components of G-band (~1550 cm-1) is only typical for
metallic SWNTs, while both semiconducting and metallic SWNTs share rather sharp
Lorenzian components at higher frequencies (~1590 cm-1).

31,32

These two excitation

wavelengths are located at the upper and lower wavelength boundaries of the M11 feature
in the optical absorption spectrum of SWNTs in this study, respectively. Therefore,
theoretically (refer to the Kataura Plot24-33) for the 785 nm excitation, larger diameter
metallic and smaller diameter semiconducting arc-SWNTs are in resonance while the
632-nm excitation exhibits mostly smaller-diameter metallic SWNTs and larger-diameter
semiconducting arc-SWNTs that are in resonance.
The frequencies of radial breathing mode (RBM) peaks in Raman are inversely
proportional to the corresponding nanotube diameters. When correlated with the
diameter-band gap energy relationship (such as a Kataura Plot), it has been possible to
assign individual RBM signals from different nanotube diameters to either
semiconducting or metallic SWNTs (especially for HiPco-SWNTs with ~0.7-1.3 nm in
diameter).29-32 The diameter distribution for SWNTs from arc-discharge is rather narrow
(usually ~1.3-1.4 nm),22 making it a challenge to identify the metallicity solely from the
peak position (if only one peak feature is present). Nevertheless, the RBM intensities
from solution SWNT are lower than those from residue SWNT at both excitation
wavelengths at which metallic SWNTs are predominantly in resonance, again consistent
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with the enrichment of metallic SWNTs in residue SWNTs (Figure 2.3.7). However, in
the Raman spectrum of solution SWNT at 632-nm excitation, the RBM peak (~164 cm-1)
that has been presumably attributed to resonant smaller-diameter metallic SWNTs show a
significant presence in intensity, while the BWF lineshape is almost absent. This
interesting observation suggests that there are perhaps more semiconducting SWNTs in
resonance at 632 nm than have been commonly acknowledged. Consequently, the
absorption peak most commonly assigned to M11 (~600-800 nm) might actually contain
more contributions from the absorption of semiconducting SWNTs in this region,
especially for the spectrum of solution SWNTs. Hence, the enrichment values using the
ratio between area of M11 and S11 or S22 were underestimated from actual enrichment
values. Therefore, our direct comparison of both the S11 regions of solution SWNTs and
the residue SWNTs were more accurate in the sense of estimation of enrichment.
As shown in figure 2.3.5, the optical absorption spectrum of the starting
purified sample is typical of arc-SWNTs after similar purification treatment.22 Similar to
starting purified SWNTs, the solution fraction and the residue fraction also showed all the
characteristic band gap transition features (S11, S22 and M11). Since the two specimens
(solution and residue) were prepared and measured under near identical conditions, the
intensity difference of the above-mentioned band gap transition peaks may be readily
attributed to the enrichment of semiconducting and metallic SWNTs in both the solution
and the residue fractions. The argument of preferential doping of SWNTs in the residue
fraction (thus with weaker S11/S22 peaks) is hardly valid, not only because the thermal
treatments should have eliminated all molecular dopants, but also because the SWNTs in
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solution fraction would have been doped more than the SWNTs in residue fraction (even
if any doping occurred) because the SWNTs of solution fraction have stronger
interactions with the DomP molecules.
A common practice in the attempts to evaluate the enrichment extent of
semiconducting and metallic SWNTs via optical absorption data has been to simply
subtract the background, leaving only the peak features, the areas of which (AS1 for S11,
AS2 for S22, and AM for M11) were then used in the related calculations.31-35 When the
three absorption bands are compared, the total area of M11 band is strongly contributed
from the area of π-plasmon of SWNTs and area of carbonaceous impurities. Therefore,
the aerial absorption of SWNTs after base line treatment is small. In addition, we found
that because the M11 peak overlaps with the S33 peak, the intensity of the peak in the M11
region is caused by both semiconducting and metallic SWNTs. The same π-plasmon of
SWNTs and carbonaceous impurity contribution for the total area of the S11 peak is weak
and as a result the total absorption is mainly caused by the absorption of semiconducting
SWNTs. Therefore, the enrichment calculations performed by using the S11 peak areas of
solution and residue fractions, is a reasonable method for evaluating the enrichment of
separated fractions.
In addition, the similar optical absorption studies were performed for the SWNT
samples obtained from the separation reaction using the recovered DomP. The results,
which are comparable with the same absorption measurements obtained for the separated
samples using “as synthesized” DomP, suggest that the chemical reactivity and structure
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of DomP is well preserved under the sonication conditions provided in the separation
reaction.
The peak features at 600-800 nm are commonly assigned to the electronic
transitions corresponding to the first transitions of various metallic SWNTs of arc
SWNTs (denoted as M11).5,10,11,22-24 Although the S11 and S22 peaks showed a significant
intensity difference between the solution and the residue fractions, the peak in the M11
region exhibited no expected intensity difference between the two fractions. A Kataura
plot basically explains the relationship between the band gap energies of S11, S22, M11 and
S33 with nanotube diameters. The Kataura plot indicates that when the tube diameter
enlarges the electronic transition energies of all the peaks corresponding to the
semiconducting and metallic tubes decrease. Our literature survey (empirical Kataura
plots and absorption studies) to obtain information about the energy of band gap
transitions vs. diameter showed the band gap energy of M11 overlaps with the band gap
energy of S33 when the diameter is greater than 1.4 nm. If the peak at 600-800 nm is from
only metallic
SWNTs, then the intensity of this peak is expected to be weak for the solution fraction, as
compared to the residue fraction, because the enrichment calculations showed the
solution fraction is highly enriched with semiconducting SWNTs (>90%). In addition, the
intensity of the S11 and S22 peaks of the solution fraction are significantly higher than the
same intensity values of the residue fraction. Similar to the S11 and S22 peaks, the S33
peak partially embedded in the M11 peak should also have a significant intensity increase
for the solution fraction. This intensity increase may be the reason as to why the 600-800
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nm has a similar intensity for both residue and solution fractions. This peak of the
solution fraction is caused by the S33 band gap transition energy, while the same peak for
the residue fraction is caused by the M11 band gap transition. This divergence between the
solution and residue fractions is another reason why the commonly acknowledged M11
region is unsuitable for enrichment calculations.

2.3.4.1 Mechanistic Implications
Lu et al. considered SWNTs as an extended π-electron system that can combine
with other π electron systems, such as aromatic molecules via same π-π stacking
interactions.37 The increase in the size of the aromatic system also results in a
corresponding increase in the binding energy between the carbon nanotube surface and
the aromatic molecules. Larger aromatic molecules, with their larger polarizability, may
be able to detect the difference in adsorption energy between metallic and
semiconducting SWNTs, according to the London formula.38 According to their first
principle calculations using the DFT model, the smaller aromatic molecules such as
benzene showed no selective interaction with either metallic or semiconducting tubes.
The same calculations also showed that bi-benzene had higher binding energy with
semiconducting SWNTs than with metallic SWNTs. Therefore, bi-benzene was found to
be selective toward semiconducting SWNTs. Even though the calculations based on bibenzene closely agrees with our experimental results, their calculations showed opposite
results for naphthalene and antracene. According to their calculations, both antracene and
naphthalene have higher binding energies with metallic SWNTs than with
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semiconducting tubes. Many factors, especially those related to the reaction conditions
and sample history, could have contributed to such differences. For example, the effects
from the defects of SWNT surface and the solvent in their calculations were not
considered. Although, the interactions between DomP and SWNTs are non-covalent, our
experiments showed without first treating the SWNTs with oxidative acid, this noncovalent functionalization reaction could not be performed efficiently. We also
discovered that the reaction between DomP and SWNT was solvent dependent. “As
prepared” DomP is very soluble in both THF and CHCl3. However, the reaction
performed between SWNTs and DomP in THF always provided better functionalization
efficiency and better separation based on metallacity than it did in CHCl3 (the reaction
did not work in CHCl3). These results clearly suggested both surface defects and solvents
play a major role in our separation; thusly this is an interesting mechanistic issue for
further experimental and theoretical investigations.
It also appears that the selective and strong interactions of the large planar
aromatic molecules (such as DomP) with semiconducting SWNTs may have more
complicated origins. In particular, the surface properties of semiconducting and metallic
SWNTs significantly differ in that the former is similar to a conjugated macromolecule or
radical ion pairs (charge-separated states). This difference makes SWNTs more amenable
for interactions with large planar aromatic molecules via charge-transfer interactions,
which then induce the alteration of underlying nanotube electronic structures. However,
such interactions are likely inhomogeneous even on one single nanotube due to different
interaction configurations and the unavoidable presence of defects, thus becoming

81

significantly broadened (and appearing to be “diminished”) when enough molecules
become conjugated on the band-gap absorptions.
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CHAPTER 3
DIAMETER-SELECTIVE FRACTIONATION OF HiPco SINGLE WALLED
CARBON NAOTUBES IN REPEATED FUNCTIONALIZATION REACTIONS
3.1 Introduction
A single-walled carbon nanotubes (SWNT) is characterized by a pair of chiral
indices (n, m), which determine the tube diameter d in terms of the relationship as
follows.1

d = [3(n2+nm+m2)]1/2ac-c/π

(1)

where ac-c is the nearest neighbor carbon-carbon distance. The indices also define the
metallicity of the nanotube: a semiconducting SWNT with mod [(n-m), 3] ≠ 0 and a
metallic SWNT with mod [(n-m), 3] = 0.1 Various production methods for SWNTs
generally yield mixtures of different chiralities. In fact, it is well known that the SWNTs
from the high pressure CO disproportionation (HiPco) process are of a particularly broad
distribution in tube diameters (~0.7 - 1.3 nm).2,3
There have been significant efforts on post-production separation of SWNTs
aimed toward their ultimate “purification” in terms of chiralities, with especially heavy
emphasis on harvesting semiconducting- or metallic-enriched SWNTs.4-6 Interestingly,
with only few exceptions,7-9 the reported post-production separation experiments have
been centered on HiPco-SWNTs.10-16 The separation effort exploits the potentially
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selective interactions of functional molecules with semiconducting or metallic SWNTs.
For example, Tour, Smalley, and coworkers-reported that some highly reactive species
such as diazonium salts were preferentially added to the sidewalls of metallic HiPcoSWNTs,10 so were nitronium ions and fluorine gas as recently reported by others.13,15
Papadimitrakopoulos and coworkers initiated the approach of using long-chain molecules
bearing amino moieties to remove some semiconducting HiPco-SWNTs from the purified
mixture,7,16 where the basis of separation is apparently the selectivity of the
functionalization agent octadecylamine (ODA) toward semiconducting nanotubes for
their solubilization. Maeda, et al.14 reported recently that an opposite selectivity could be
achieved with the use of smaller amine molecules such as octylamine and propylamine,
namely metallic instead of semiconducting nanotubes were enriched in the supernatant.
On the other hand, the reactivity of a nanotube and its interactions with other species are
known to be dependent on the tube diameter (or the graphene curvature corresponding to
pyramidalization and π-orbital misalignment).17,18 In fact, there is an inverse relationship
between the nanotube reactivity and diameter, with the smaller SWNTs being more
reactive. Therefore, a significant issue in the post-production separation of SWNTs is the
likely interplay between the selectivity toward the tube diameter and the selectivity
toward the semiconducting or metallic characteristics. According to reports on the
reactivity-based post-production separation, the nitronium ion attack prefers smallerdiameter metallic SWNTs,13 while the ozonation reaction is selective toward smallerdiameter SWNTs regardless of metallicity.19 Also, the selective interactions of ODA
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molecules with semiconducting SWNTs were found to be more pronounced with the
nanotubes of smaller diameters.16
We reported previously an investigation on repeated functionalization reactions to
sequentially extract soluble fractions from arc-discharge-produced SWNTs.20 Despite the
intrinsically narrow diameter distribution in the starting nanotube sample, the
fractionation results with the diamine-terminated oligomeric poly(ethylene glycol)
(PEG1500N) as functionalization agent suggest a clear preference of the functionalization
reaction toward smaller-diameter SWNTs. In the work presented here, the same approach
and similar experimental conditions were applied to the repeated functionalization
reactions with HiPco-SWNTs, in which the diameter-selective fractionation in the
solubilization became more evident. The results from the characterization of the
fractionated samples are described, and their implication to the effort on using similar
functionalization reactions for post-production separation of semiconducting and metallic
SWNTs is discussed.

3.2 Experimental Section
3.2.1 Materials
Diamine-terminated oligomeric poly(ethylene glycol) (PEG1500N) and sodium
dodecyl sulfate (SDS) were purchased from Aldrich, and deuterated chloroform and D2O
from Cambridge Isotope Laboratories. Dialysis tubing (cellulose membrane) with
molecular weight cutoff ~ 12,000 was obtained from Sigma Aldrich.The HiPco-SWNT
sample was supplied by Carbon Nanotechnologies, Inc. and was purified by using a
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procedure adapted from what is reported in the literature.21 In the purification, the assupplied nanotube sample (500 mg) was treated with intermittent microwave (800 W) for
20 cycles of 60-second on and 300-second off, followed by refluxing in diluted nitric acid
solution (2.6 M, 250 mL) for 12 h. Upon centrifugation to discard the supernatant, the
solid was repeatedly washed with deionized water until neutral pH and then dried under
vacuum to yield the purified HiPco-SWNT sample (257 mg).

3.2.2 Measurements
Several centrifuge machines were used for low- (Fisher Scientific, Centrific
Model

228)

and

high-speed

centrifugation

(Beckman-Coulter

Optima

L90K

ultracentrifuge with a type 90 Ti fixed-angle rotor). UV/vis/near-IR absorption spectra
were recorded on Shimadzu UV3600 spectrophotometer. Raman spectra were obtained
on a Renishaw Raman spectrometer equipped with a 50 mW diode laser source for 785
nm excitation and a Jobin-Yvon T64000 spectrometer equipped with a triple
monochromator, a research-grade Olympus BX-41 microscope, a liquid nitrogen-cooled
symphony detector, and two excitation sources of a Melles-Griot 35 mW He:Ne laser
(632 nm) and a Spectra-Physics 40 mW argon-ion laser (514 nm). Thermogravimetric
analysis (TGA) experiments were performed on a Mettler-Toledo TGA/SDTA851e
system. Transmission electron microscopy (TEM) digital images were taken on Hitachi
HF-2000 TEM and Hitachi HD-2000 S-TEM/TEM systems.
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3.2.3 Functionalization Reactions
In a typical experiment, a mixture of purified HiPco-SWNTs (225 mg) and
PEG1500N (3.8 g) was heated to 120 oC and stirred under nitrogen protection for 4 days.
20,22

After the reaction, the mixture was cooled to room temperature and then extracted

repeatedly with water for the soluble fraction. Each extraction involved the addition of
deionized water (15 mL) and then centrifuging at 1,380 g to collect the colored
supernatant. Typically five repeats were necessary until the supernatant became colorless.
The combined soluble fraction was cleaned via dialysis (membrane molecular weight
cutoff ~12,000) against fresh deionized water for 3 days, and then evaporated to remove
water. The insoluble residue after the repeated extractions was dried under vacuum for
the next round of functionalization reaction. In

each

subsequent

functionalization

reaction, the same PEG1500N/nanotube weight ratio of 17/1 was used, so were the reaction
conditions. The reaction mixture was extracted in the same procedure to separate the
soluble and insoluble fractions. All soluble fractions from the repeated functionalization
reactions and the final insoluble residue were dried for their various characterization
experiments.

3.3 Results and Discussion
The functionalization of HiPco-SWNTs with PEG1500N was under thermal
reaction conditions.20,22,23 Mechanistically, there is presumably the formation of a
zwitterionic bond between the amino group in PEG1500N and the nanotube-bound
carboxylic acid (due to the oxidation of carbon defect),22,23 though non-covalently direct
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adsorption of PEG1500N species on the nanotube graphitic surface may also play a
significant role in the solubilization of the nanotube.7 Nevertheless, the functionalization
of HiPco-SWNTs with PEG1500N for the nanotube solubilization was relatively robust.
The solid samples of the soluble fractions from the repeated functionalization reactions
could readily be dissolved in water or various polar organic solvents. These aqueous or
organic solutions were stable over an extended period of time (at least several months),
again demonstrating the robustness of the functionalization and solubilization.

3.3.1 Fractionation
A total of five soluble fractions were collected from the five repeats of
functionalization

reactions.

The

amount

of

nanotubes

solubilized

in

each

functionalization reaction varied, with the first and second reactions solubilizing 32% and
28% of the starting HiPco-SWNTs, respectively (Table 3.1). By the fifth reaction, the
amount of nanotubes solubilized decreased to 2% of the starting HiPco-SWNTs (Table
3.1), suggesting no need for further repeats.
The nanotube contents in the soluble fractions and the final residue (listed in
Table 3.1) were determined by using TGA. Shown in Figure 3.1 are typical TGA traces
for the samples. At a heating rate of 10 oC/min in nitrogen atmosphere, the PEG1500N
functional groups can be removed completely at about 450

o

C,20,22 while the

defunctionalized HiPco-SWNTs remain stable. Quantitatively, the amount of recovered
nanotubes from the five soluble fractions and the final residue totals 235 mg, in
reasonable agreement with the amount of starting HiPco-SWNTs (225 mg), and about
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Table 3.1 Nanotube Contents in the Soluble Fractions and the Final Residue
________________________________________
Nanotube Content a
(mg)
________________________________________
Fraction

1

71 (30%) b

2

65 (28%)

3

17 (7.2%)

4

11 (4.7%)

5

5 (2.1%)

Final Residue

66 (28%)

______________________________________
a

Determined by TGA in inert (nitrogen) atmosphere.

b

Shown in parentheses are weight percents against the total amount
including all
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Figure 3.1

TGA traces (N2, 10 oC/min) of the first soluble fraction
(⎯), second soluble fraction (- - -) and the final residue
(….).
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71% is in the soluble fractions and 29% in the final residue. As detailed in Table 3.1, the
nanotube contents in the soluble fractions decrease significantly in subsequent
functionalization reactions after the first two repeats, indicating the inhomogeneous
nature of the starting purified HiPco-SWNT sample with respect to functionalization and
solubilization.
Some of the material properties are similar among different fractions. For
example, TEM techniques were used to characterize the soluble fractions and the final
residue. In the specimen preparation, a drop of diluted aqueous solution of the soluble
fraction (or aqueous suspension for the final residue) was placed onto a carbon or holey
carbon-coated copper grid, followed by solvent evaporation. The TEM images of the
soluble fractions show no meaningful differences, as compared in Figure 3.2. For the
final residue, the TEM image suggests that the nanotubes are in larger bundles than those
in the soluble fractions, as one might expect.
The soluble fractions were also evaluated by using 1H NMR. At a relatively dilute
concentration of 10 mg/mL in CDCl3, the observed spectra of the fractions appear
similar, each with a broad signal centered at ~3.6 ppm. This is readily assigned to the
ethylene protons in the PEG1500N functional groups. The broadness of the peak is
consistent with the functional groups being attached to SWNTs, which are species with
large molecular weights and low mobilities.24
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1
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3

4

5

Final residue

Figure 3.2

TEM images of the five soluble fractions and the final
residue (all scale bars 200 nm).
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3.3.2 Diameter Selectivity
The optical spectroscopy results of the soluble fractions and the final residue
suggest significant diameter preference in the repeated functionalization reactions,
resulting in different diameter distributions of HiPco-SWNTs in the various fractions.
The solution-phase optical absorption spectra of the soluble fractions (except for the fifth
fraction due to limited sample quantity) were measured in D2O to avoid spectral
interference in the near-IR region. The solutions were prepared by directly dissolving the
solid samples into D2O. Similarly, the starting purified HiPco-SWNT sample and the
final residue were suspended in D2O with the assistance of SDS (0.5 mg/mL), which is a
surfactant widely used in the literature for optical spectroscopy of SWNTs.25 These
solutions and suspensions in D2O (all with 2 mg/mL nanotube-equivalent concentrations)
were centrifuged at 137,000 g for 2 h before the optical spectral measurements. As shown
in Figure 3.3, the spectrum of the starting purified sample is resolved with spectral
features typical of HiPco-SWNTs after similar purification treatment.26 The peak features
at 900-1,600 nm and 550-900 nm are commonly assigned to groups of electronic
transitions corresponding to the first and second pairs of van Hove singularities in the
density of states (DOS) for various semiconducting SWNTs (denoted as S11 and S22),
respectively, and those at 400-650 nm corresponding to first transitions of various
metallic SWNTs (denoted as M11).3,10,12,27 The absorption spectra of the solubilized
samples remain similarly resolved with S11, S22 and M11 peak features in their spectral
range (Figure 3.3), suggesting that the nanotube electronic structures are retained in the
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Figure 3.3

UV/vis/NIR absorption spectra of different SWNT samples in
D2O after ultrahigh speed centrifugation. From bottom to top:
SDS-assisted suspension of the starting purified HiPco
SWNTs, solutions of the first to the fourth soluble fractions,
the SDS-assisted suspension of the final residue. The spectra
were offset for clearance.
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functionalization with PEG1500N. This is consistent with previously reported results on the
PEG1500N functionalization of SWNTs from other production methods.20,22
A closer examination of the absorption spectra reveals significant and systematic
changes in the detailed spectral peak features from fraction to fraction, reflecting the
underlying variations in diameter distributions of the HiPco-SWNTs. For the S11 bands,
the features of the first soluble fraction are more at shorter wavelengths (roughly below
1,200 nm) in comparison with those of the starting purified sample. In the later soluble
fractions, however, more significant spectral features are in the longer wavelength region
(especially above 1,200 nm). The changes in S22 bands are in a similar trend, with the
first soluble fraction featured more in the 650-750 nm region, while later fractions more
in the 750-900 nm region (Figure 3.3). It is known that electronic transition energies of
SWNTs are inversely related to the nanotube diameters. Thus, the absorption results
suggest that the smaller diameter semiconducting SWNTs are preferentially solubilized in
the earlier fractions.
The diameter-selective fractionation in the repeated functionalization reactions is
more evident in the results of resonance Raman spectroscopy. The Raman measurements
were performed at multiple excitation wavelengths of 785 nm (1.58 eV), 632 nm (1.96
eV), and 514 nm (2.41 eV). In order to avoid the known luminescence interference with
functionalized nanotube samples,24 the soluble fractions and the final residue were
thermally defunctionalized (heated to 600 oC and kept for 2 h in inert atmosphere) before
the Raman characterization.
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For the starting purified sample, the Raman spectrum at 785 nm excitation
exhibits typical features of the G-band at 1,592 cm-1, D-band at 1,330 cm-1, and radial
breathing modes (RBMs) at 100-300 cm-1 (Figure 3.4), agreeing with those reported
previously.10-16 Here the 785 nm excitation is in resonance with mostly semiconducting
HiPco-SWNTs of various diameters, but few of their metallic counterparts.12 Also shown
in Figure 3.4 are Raman spectra of the soluble fractions and the final residue with the
same 785 nm excitation. The G-band features are similar among all these samples, with
the bands being relatively narrow and symmetrical. However, there are systematic
changes in the RBM region, with the spectra of the earlier fractions enriched with higher
frequency features (or smaller diameter semiconducting SWNTs) and the later fractions
and the final residue with lower frequency features (or larger diameter semiconducting
SWNTs). For example, the spectrum of the first soluble fraction shows the 264 cm-1 peak
higher in intensity than peaks in 188-216 cm-1 and 217-242 cm-1 regions, but the
spectrum of the fifth soluble fraction exhibits a nearly opposite peak intensity pattern
(those of the other fractions apparently intermediate between the two) (Figure 3.4). In the
spectrum of the final residue, only peaks at 189 cm-1 and 206 cm-1 could be observed. It
is known that the RBM peak frequency (ωRBM, cm-1) is inversely related to the
corresponding SWNT diameter (d, nm) in terms of the equation ωRBM = 223.5/d + 12.5.27
Thus, the initial functionalization reaction in multiple repeats is obviously selective
toward the smaller diameter nanotubes among the population of semiconducting HiPcoSWNTs.
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Figure 3.4

Full Raman spectra and the RBM region at 785 nm excitation for,
from bottom to top: the starting purified HiPco SWNT sample,
the first to the fifth soluble fractions, and the final residue.
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The Raman spectra were also measured with 632 nm and 514 nm excitations
(coupled with the use of a triple monochromator) for a closer examination of the low
frequency region, despite the fact that different HiPco-SWNTs (from those with 785 nm
excitation) are in resonance with these excitation wavelengths. The RBM features in the
spectra exhibit systematic changes in a trend similar to that found with the 785 nm
excitation. Generally the earlier fractions are with more intense higher-frequency RBM
features, and the later fractions and the final residue with more intense lower-frequency
RBM features (Figure 3.5). For the 632 nm excitation, smaller diameter semiconducting
and larger diameter metallic HiPco-SWNTs are in resonance. The Raman RBMs again
suggest that the smaller diameter semiconducting nanotubes are preferentially solubilized
in the initial functionalization reactions. The Raman results obtained with 514 nm
excitation also suggest similarly preferential solubilization of smaller diameter nanotubes,
except that the resonance of 514 nm is with smaller diameter metallic (short M11
wavelengths) and larger diameter semiconducting (long S33 wavelengths) HiPcoSWNTs.7,12-16
For both 632 nm and 514 nm excitations, the corresponding G-band features in
the Raman spectra of the different fractions also exhibit systemic changes in opposite
patterns. As compared in Figure 3.6, the G-bands from 632 nm excitation became broader
and increasingly unsymmetrical in subsequent soluble fractions and then the final residue.
An opposite trend is associated with the 514 nm excitation, where the G-bands of the
earlier soluble fractions are unsymmetrical and those of the later soluble fractions and the
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G-band regions at 632 nm and 514 nm excitations for, from
bottom to top: the starting purified HiPco SWNT sample, the first
to the fourth soluble fractions, and the final residue.
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final residue are narrower and more symmetrical (Figure 3.6). It is known that the
broadened and unsymmetrical appearance of the G-band (or the BWF line-shape)28
serves as a signature for the significant presence of metallic SWNTs in the sample.4-16
Thus, the Raman G-band results with 632 nm and 514 nm excitations are consistent with
the enrichment of larger diameter semiconducting and metallic HiPco-SWNTs in the later
soluble fractions and the final residue.
Overall the optical absorption spectra and resonance Raman results with three
different excitation wavelengths apparently suggest that the functionalization reaction of
PEG1500N with the purified HiPco-SWNT sample is selective toward those nanotubes of
smaller diameters, regardless of their being semiconducting or metallic. This may have
significant implications to the effort on the post-production separation of semiconducting
and metallic SWNTs.4-16

3.3.3 Mechanistic and Other Implications
A characteristic feature of as-supplied or purified HiPco-SWNTs is the broad
distribution of nanotubes of different diameters. Therefore, it is hardly surprising that the
diameter selectivity becomes an issue in various functionalization reactions. For the
thermal reaction conditions used in this study, the preference of PEG1500N molecules
toward smaller diameter HiPco-SWNTs is probably associated with their direct
adsorption onto the nanotube surface. The role of such non-covalent but specific
interactions in the solubilization of carbon nanotubes has been suggested for other longchain functionalization agents with primary amine moieties.7,16 As for the selectivity
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toward smaller diameter HiPco-SWNTs, the specific interactions responsible for the
direct adsorption may be similar mechanistically to those found in the addition of highly
reactive species to the nanotube sidewalls.10,13,15
The diameter selectivity in functionalization reactions (including the adsorption)
could potentially alter the population balance between semiconducting and metallic
nanotubes, if the two nanotube types were of different diameter distributions, which
could thus result in the observation of enrichment in one over the other in various
reaction mixtures or fractions. Hypothentically, should the starting sample be populated
with more smaller diameter semiconducting nanotubes than their metallic counterparts,
the preferential solubilization of the former would obviously leave more metallic
nanotubes in the insoluble residue, and vice versa. Therefore, it might in principle be a
possibility that the interplay between diameter and metallicity fractionations in the
functionalization and solubilization of HiPco-SWNTs with long-chain amino compounds
like PEG1500N and ODA is driven primarily by the diameter selectivity. This may be an
interesting topic for further investigations.
In summary, the repeated functionalization reactions of PEG1500N molecules with
purified HiPco-SWNTs resulted in multiple soluble factions and the final insoluble
residue. These fractions have different nanotube diameter distributions from that found in
the starting purified HiPco-SWNT sample. A general conclusion is that the first
solubilized are smaller diameter nanotubes, regardless of their being semiconducting or
metallic. The results reported here and those already in the literature suggest that because
of the intrinsically broad diameter distribution in HiPco-SWNTs, diameter selectivity
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plays an important role in the reactions or specific interactions designed or exploited for
the post-production separation of the nanotubes into semiconducting and metallic
enriched fractions. Further experimental investigations on the existing and other aminebearing functionalization or dispersion agents are required for a better understanding of
the various selectivities.

105

References
1.

Dresselhaus, M. S.; Dresselhaus, G.; Eklund, P. C. Science of Fullerenes and
Carbon Nanotubes; Academic Press: San Diego, 1996.

2.

Bronikowski, M. J.; Willis, P. A.; Colbert, D. T.; Smith, K. A.; Smalley, R. E. J.
Vac. Sci. Technol. A 2001, 19, 1800.

3.

Hamon, M. A.; Itkis, M. E.; Niyogi, S.; Alvaraez, T.; Kuper, C.; Menon, M.;
Haddon, R. C. J. Am. Chem. Soc. 2001, 123, 11292.

4.

Lin, Y; Fernando, K. A. S.; Wang, W.; Sun, Y.-P. in Carbon Nanotechnology:
Recent developments in Chemistry, Physics, Material Science and
DeviceApplications; Dai, L.; Ed.; Elsevier: Netherlands, 2006; p.255.

5.

Krupke, R.; Hennrich, F. Adv. Eng. Mater. 2005, 7, 111.

6.

Banerjee, S.; Benny, T. H.; Wong, S. S. J. Nanosci. Nanotech. 2005, 5, 841.

7.

Chattopadhyay, D.; Galeska, I.; Papadimitrakopoulos, F. J. Am. Chem. Soc. 2003,
125, 3370.

8.

Chen, Z.; Du, X.; Du, M.-H.; Rancken, C. D.; Peng, H.-P.; Rinzler, A. G. Nano
Lett. 2003, 3, 1245.

9.

Li, H.; Zhou, B.; Lin, Y.; Gu, L.; Wang, W.; Fernando, K. A. S.; Kumar, S.;
Allard, L. F.; Sun, Y. -P. J. Am. Chem. Soc. 2004, 126, 1014.

10.

Strano, M. S.; Dyke, C. A.; Usrey, M. L.; Barone, P. W.; Allen, M. J.; Shan, H.;
Kittrell, C.; Hauge, R. H.; Tour, J. M.; Smalley, R. E. Science 2003, 301,
1519.

11.

Krupke, R.; Hennirich, F.; Lohneysen, H. V.; Kappes, M. M. Science 2003, 301,
144.

12.

(a) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A.; McLean, R. S.; Lustig, S.
R.; Richardson, R. E.; Tassi, N. G. Nat. Mater. 2003, 2, 338. (b) Zheng,
M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Chou, S. G.; Diner, B.
A.; Dresselhaus, M. S.; Mclean, R. S.; Onoa, G. B.; Samsonidze, G. G.; Semke,
E. D.; Usrey, M.; Walls, D. J. Science 2003, 302, 1545.

13.

An, K. H.; Park, J. S; Yang, C. M.; Jeong, S. Y.; Lim, S. C.; Kang, S.; Lee, Y. H.
J. Am. Chem. Soc. 2005, 127, 5196.
106

14.

(a) Maeda, Y.; Kimura, S.-I.; Kanda, M.; Hirashima, Y.; Hasegawa, T.;
Wakahara, T.; Lian, Y.; Nakahodo, T.; Tsuchiya, T.;Akasaka, T.; Lu, J.;
Zang, X.; Tokumoto, H.; Saito, R. J. Am. Chem. Soc. 2005, 127, 10287;
(b) Maeda, Y.; Kanda, M.; Hashimoto, M.; Tadashi, H.; Kimura, S.-I.;
Lian, Y.; Wakahara, T.; Akasaka, T.; Kazaoui, S.; Minami, N.; Okazaki,
T.; Hayamizu, Y.; Hata, K.; Lu, J.; Nagase, S. J. Am. Chem. Soc. 2006,
128, 12239.

15.

Yang, C. M.; An, H. K.; Park, J. S.; Park, Lim, S. C.; Cho, S. –H.; Lee, Y. S.;
Park, W.; Lee, Y. H. Phy. Rev. B. 2006, 73, 75419.

16.

(a) Samsonidze, G. G.; Chou, S. G.; Santos, A. P.; Brar, V. W.; Dresselhaus, G.;
Dresselhaus, M. S.; Selbst, A.; Swan, A. K.; Unlu, M. S.; Goldberg, B. B.;
Chattopadhyay, D.; Kim, S. N.; Papadimitrakopoulos, F. Appl. Phys. Lett.
2004, 85, 100; (b) Brar, V. W.; Samsonidze, G. G.; Santos, A. P.; Chou, S. G.;
Chattopadhyay, D.; Kim, S. N.; Papadimitrakopoulos, F.; Zheng, M.; Jagota, A.;
Onoa, G. B.; Swan, A. K.;Ünlü, M. S.; Goldberg, B. B.; Dresselhaus, G.;
Dresselhaus, M. S. J. Nanosci. Nanotech. 2005, 5, 209.

17.

Niyogi, S.; Hamon, M. A.; Hu, H..; Zhao, B.; Bhowmik, P.; Sen, R.; Itkis, M. E.;
Haddon, R. C. Acc. Chem. Res. 2002, 35, 1105.

18.

Hirsch, A.; Vostrowsky, O. Top. Curr. Chem. 2005, 245, 193.

19.

Banerjee, S.; Wong, S. S. Nano Lett. 2004, 4 1445.

20.

Huang, W.; Fernando, S.; Lin, Y.; Zhou, B.; Allard, L. F.; Sun, Y.-P. Langmuir
2003, 19, 7084.

21.

Martinez, M. T.; Callejas, M. A.; Benito, A. M.; Maser, W. K.; Cochet, M.;
Andres, J. M.; Schreiber, J.; Chauvet, O.; Fierro, J. L. G. Chem Comm.
2002, 1000.

22.

Huang, W.; Fernando, S.; Allard, L. F.; Sun, Y.-P. Nano. Lett. 2003, 3, 565.

23.

Chen J.; Rao, A. M.; Lyuksyutov, S.; Itkis, M. E.; Hamon, M. A.; Hu, H.; Cohn,
R. W.; Eklund, P. C.; Colbert, D. T.; Smalley, R. E.; Haddon, R. C. J. Phys.
Chem. B 2001, 105, 2525.

24.

Sun, Y.-P.; Fu, K.; Lin, Y.; Huang, W. Acc. Chem. Res. 2002, 35, 1096.

25.

O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano, M. S.;
Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.; Kittrell, C.; Ma, J.;
Hauge, R. H.; Weisman, R. B.; Smalley, R. E. Science 2002, 297, 593.
107

26.

Bahr, J. L.; Yang, J.; Kosynkin, D. V.; Bronikowski, M. J.; Smalley, R. E.; Tour,
J. M. J. Am. Chem. Soc. 2001, 123, 6536.

27.

(a) Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley, R. E.;
Weisman, B. Science 2002, 298, 2361. (b) Weisman, R. B.; Bachilo, S. M.
Nano Lett. 2003, 3, 1235.

28.

Brown, S. D.M.; Jorio, A.; Corio, P.; Dresselhaus, M. S.; Dresselhaus, G.; Saito,
R.; Kneipp, K. Phy. Rev. B 2001, 63, 155414.

108

CHAPTER 4
FUNCTIONALIZATION OF SINGLE WALL CARBON NANOTUBES
4.1 High Aqueous Solubility of Functionalized
Single-walled Carbon Nanotubes
4.1.1 Introduction
Single-walled carbon nanotubes (SWNTs) are severely bundled and essentially
insoluble in any solvents. The insolubility is generally considered as a significant barrier
in both fundamental research and technological development toward the practical uses of
SWNTs.1 Thus, several chemical modification methods have been developed to
functionalize and solubilize SWNTs.2-5 In particular, the functionalization of SWNTs to
introduce aqueous solubility has received much recent attention for investigations
targeting potential biological applications of carbon nanotubes.6-18 A widely employed
functionalization strategy is to attach oligomeric or polymeric molecules to the nanotubebound carboxylic acid moieties, which are generated in the oxidative acid treatment of
the intrinsic or induced (due to the shortening of the nanotubes,19 for example) nanotube
surface defects.20 The functionalized carbon nanotubes are soluble in water when
hydrophilic oligomeric or polymeric molecules are attached.6-13

4.1.2 Experimental section
4.1.2.1 Materials
PVA (Mw ~ 70,000-100,000, 99% hydrolyzed) and PVA (Mw ~ 22,000, 99%
hydrolyzed) was purchased from Alfar Aesar. Thionyl chloride, N,N- Dicyclohexyl
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carbodiimide (DCC, 99%) and 4-(dimethylamino) pyridine (DMAP, 99%) were obtained
from Acros. 1-hydroxybenzotriazole (HOBT, containing less than 5% H2O) was from
Aldrich. Dimethyl sulfoxide (DMSO, 99.5%) and N, N –dimethylformamide (DMF,
99%) were purchased from Burdick and Jackson. Deuterated chloroform was purchased
from Cambridge Isotope Laboratories. Dialysis membranes were supplied by spectrum
Laboratories. Diamine terminated oligomeric poly (ethylene glycol), H2NCH2CH2CH2
(OCH2CH2)nCH2NH2, with n ~ 35 (PEG1500N) and poly(propionylethylenimine) (PPEI,
Mw of 50,000 and 200,000) were purchased from Aldrich. The residual water of
PEG1500N was removed via azeotropic distillation.

4.1.2.2 Measurements
NMR meassurements were performed on Bruker AC-300 and JEOL Eclipse +
500 NMR spectrometers. Dichloromethane was used as the internal standard. Thermal
gravimetric analysis (TGA) was carried out on a Mettler-Toledo TGA/SDTA851e
system.

4.1.2.3 Carbon Nanotubes.
The SWNT sample was produced in Professor A. M. Rao’s laboratory
(Department of Physics and Astronomy, Clemson University) by using the arc discharge
method with Ni/Y as catalyst. In the purification, the sample was refluxed in an aqueous
HNO3 solution (2.6 M) for 48 h. Upon Centrifugation to remove the liquid phase, the
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remaining solid were washed repeatedly with deionized water until neutral pH and then
dried under vacuum (Figure 4.1.1).

4.1.2.4 PPEI-EI Copolymer
Poly(propionylethylenimine-co-ethylenimine) (PPEI-EI) random copolymer was
prepared via partially hydrolyzing PPEI polymers.21 In a typical reaction , a PPEI sample
(Mw ~ 200,000, 1 g) was dissolved in methanol (5 mL). After water (50 mL) was added,
methanol was evaporated via heating and the solution became opaque. 2 ml of
concentrated HCl was added to the solution and refluxed the mixture for 24 h. The
reaction mixture was cooled to ambient and then was neutralized with aqueous NaOH to
a pH of ~10. Upon the removal of water, the product was extracted with chloroform and
then precipitated into hexane, followed by drying under vacuum to yield the PPEI-EI copolymer as white solid. 1H NMR (500 MHz, CDCl3) δ=3.6- 3.2 (broad (broad, 2×NCH2),
2.9-2.6 (broad, 2×NHCH2), 2.5-2.2(broad, COCH2CH3), 2.1-1.8 (broad, NHCH2), 1.21.0 (broad, COCH2CH3) ppm.

13

C NMR (125 MHz, CDCl3) δ = 174 (C=O), 48.5

(2×NHCH2), 44 (2×NHCH2), 26 (COCH2CH3), 9.3 (COCH2CH3) ppm. The EI mole
fraction of random co-polymer xNH was estimated in terms of the 1H NMR signal
intergration.21
xNH = I2.8/(I2.8 + I3.4)

The mole fraction xNH could be controlled via varying the hydrolysis reaction time. For
the PPEI-EI copolymers used in this study, xNH values were generally ~20%.
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Figure 4.1.1. SEM image of purified SWNTs produced by arc
discharged method.
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4.1.2.5 Functionalization
The nanotube surface-bound carboxylic acid groups were generated during the
oxidative acid treatment.22-27 The functionalization of SWNTs, targeting the defect site
carboxylic groups were done using PEG1500N, PPEI-EI and PVA using different reaction
conditions. Three main functionalization methods: Thermal method, acylation-mediated
amidation, carbodiimide-activated amidation were used to functionalize SWNTs with
PEG1500N and PPEI-EI (Scheme 4.2.1). For PVA, carbodiimide-activated esterification
reaction method was used to functionalize SWNTs (Scheme 4.1.1).

4.1.2.5.1 PEG1500N-SWNT Functionalization
4.1.2.5.1.1 Thermal Method
In a typical reaction, purified SWNT sample (50 mg) was mixed with PEG1500N
(1000 mg), and the mixture was stirred at ~120 0C under nitrogen protection for 4 days.
Upon the addition deionized water to the mixture, the resulting dispersion was
centrifuged at 1380 g for 15 minutes. Then the solution retained in the upper part of
centrifuged tube was dialyzed (cutoff molecular weight ~12,000) against fresh deionized
water for 3 days. 1H NMR (500 MHz, CDCl3) δ =3.6 ppm (broad).

4.1.2.5.1.2 Carbodiimide-Activated Coupling
In a typical reaction, a purified SWNT sample (50 mg) was mixed with 150 mg
of EDAC in 25 ml of pH= 7.2 buffer solution and sonicated for 1 hour. Then 1000 mg of
PEG1500N was added and the mixture was further sonicated for 24 h. After the completion
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Scheme 4.1.1. Water soluable functionalities used for SWNT
functionalization.
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of sonication time period, the extraction and purification procedures were the same as
those described above. 1H NMR (500 MHz, CDCl3) δ =3.6 ppm (broad).

4.1.2.5.1.3 Acylation-Mediated Amidation
In a typical reaction, a purified SWNT sample (50 mg) was refluxed with SOCl2
(20 ml) for 24 h to convert the carboxylic acids into acyl chlorides.22-27 Upon evaporating
the unreacted SOCl2 under vacuum, 1000 mg of PEG1500N was added to the acylated
nanotube sample. The mixture was heated to the 120 0C and kept in that temperature
range under nitrogen protection for 24 h. After the completion of reaction time, the
extraction and purification procedures were the same as those described above. 1H NMR
(500 MHz, CDCl3) δ =3.6 ppm (broad)

4.1.5.2 PPEI-EI-SWNT Functionalization
4.1.2.5.2.1 Thermal Method
50 mg of purified SWNT sample was heated with PPEI-EI (Mw ~ 200,000, 500
mg) at 180-190 0C under nitrogen protection for 12 h. The extraction and purification
procedures were the same as those described above. 1H NMR (500 MHz, CDCl3) δ = 4.52.9 (broad), 2.9-2.7 (broad), 2.7-1.9 (broad) ppm.

4.1.2.5.2.2 Acylation-Mediated Amidation
50 mg of purified SWNT sample was refluxed with 20 ml of SOCl2 for 24 h.
Upon evaporating the unreacted SOCl2 under vacuum, PPEI-EI (Mw~200,000, 500 mg)
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was added to the acylated nanotube sample. The mixture was heated to 180-190 0C and
kept in that temperature range under nitrogen protection for 24 h. The extraction and
purification procedures were the same as those described above. 1H NMR (500 MHz,
CDCl3) δ = 4.5-2.9 (broad), 2.9-2.7 (broad), 2.7-1.9 (broad) ppm.

4.1.2.5.2.3 Carbodiimide-Activated Coupling
50 mg purified SWNT sample was mixed with 150 mg of EDAC in 25 ml of pH=
7.2 buffer solution and sonicated for 1 hour. Then PPEI-EI (Mw~200,000, 500 mg) was
added and the mixture was further sonicated for 24 h. After the completion of sonication
time period, the extraction and purification procedures were the same as those described
above. 1H NMR (500 MHz, CDCl3) δ = 4.5-2.9 (broad), 2.9-2.7 (broad), 2.7-1.9 (broad)
ppm.

4.1.2.5.3 PVA-SWNT Functionalization
In a typical reaction, purified SWNT (80 mg), DCC (200 mg, 0.6 mmol), DMAP
(33 mg, 0.15 mmol) and HOBT (65 mg, 0.3 mmol) were dissolved in DMSO (10 ml) and
sonicated it for 1 h. Then a solution of PVA (Mw~ 70000) in DMSO (80mg/ml, 10 ml)
was added, and the mixture was sonicated for another 24 h. After the completion of
reaction time, the extraction and purification procedures were the same as those described
above. Functionalization of SWNTs with PVA (Mw~22000) was done very similar
method described above. DMF was used as the solvent instead of DMSO. 1H NMR (500
MHz, CDCl3) δ= 3.95- 3.75 (broad), 1.6- 1.2 (broad), 5- 4 (broad) ppm.
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4.1.3 Results and Discussion
For the nanotube-equivalent aqueous solubilities of the functionalized SWNTs, an
accurate determination of the nanotube contents in the soluble samples is required. The
thermal gravimetric analysis (TGA) and 1H NMR methods were employed for such a
purpose. Quantitative TGA measurements were performed on the functionalized SWNT
samples in the solid state. Under the condition of a relatively slow heating rate of 10
o

C/min to 800 oC in a nitrogen atmosphere, the organic/polymeric functional groups

(PEG1500N, PPEI-EI, and PVA) were selectively removed, leaving behind the
defunctionalized SWNTs. The nanotube contents thus obtained are shown in Table 4.1.1.
Separately, quantitative 1H NMR analyses of the samples were carried out in solution by
using several internal 1H standards, including acetonitrile and dichloromethane. The
internal standards were calibrated against one another for consistency. The results thus
obtained are compared with those from the TGA measurements in Table 4.1.1. The
SWNT content results obtained by using the two different methods are in reasonable
agreement.
In a typical experiment for solubility determination, a functionalized SWNT
sample was added in fractions of 25 mg each to 1 mL deionized water. After each 25 mg
addition, the solution was vigorously stirred and then centrifuged at ~3,000 g (IEC Centra
CL-2) for 15 min. The procedure was repeated until the solution was saturated. The clear
supernatant was carefully evaporated for the removal of water to recover the

117

Table 4.2.1.

Nanotube contents in the functionalized SWNT sample

______________________________________________________________________
Sample
TGA (wt%)
NMR (wt%)
mean (wt%)a
______________________________________________________________________
PEG1500N-SWNT
thermal reaction

26

32

29

diimide-coupling

43

36

39.5

acylation-amidation

57

54

55.5

thermal reaction

17

16

16.5

diimide-coupling

23

13

18

acylation-amidation

17

---

17

12

17

14.5

18

18

18

PPEI-EI-SWNT

PVA(20k)-SWNT
diimide-coupling

PVA(70k)-SWNT
diimide-coupling

______________________________________________________________________
a

The value used in the calculation of nanotube-equivalent aqueous solubility.
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functionalized SWNTs. The weight of the recovered solid sample was determined for the
solubility calculation. The aqueous solubility values thus obtained for the functionalized
SWNT samples are shown in Table 4.1.2. Since the nanotube contents in the soluble
samples are known, as summarized in Table 4.1.1, the nanotube-equivalent aqueous
solubilities of the functionalized SWNTs can be calculated, which are also shown in
Table 4.1.2.
The PEG1500N-SWNT sample from the direct thermal reaction has the highest
nanotube-equivalent aqueous solubility of >87 mg/mL (Table 4.1.2). The sign “>” used
with this and other solubility results indicates that the reported value represents the lower
limit. A technical difficulty that hindered the determination of actual solubilities was the
high viscosity associated with most of the solutions. For the PEG1500N-SWNT sample
from the direct thermal reaction, as an example, the solution at 300 mg/mL concentration
(or 87mg/mL nanotube-equivalent concentration) became rather viscous, making it
marginal to use vigorous centrifuging to remove any undissolved solid residue. In fact,
more of the PEG1500N-SWNT sample could be dissolved into the solution, but the even
higher viscosity made it impossible centrifuge the solution. The same situation was found
for other PEG1500N-SWNT and PPEI-EI-SWNT solutions (Table 4.1.2). However, the
PVA-SWNT samples have obviously lower aqueous solubilities. The solutions became
saturated before reaching the point of too viscous to centrifuge.
The functionalization of SWNTs via covalently attaching water-soluble
oligomeric or polymeric species or biomolecules have been reported,2-13 but systematic
aqueous solubility data of the functionalized nanotube samples are hardly available for
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Table 4.1.2.

Aqueous solubilities of functionalized SWNTs

______________________________________________________________________
Sample

Aqueous solubility (mg/mL)
Nanotube-equivalent
solubility ( mg/ml)
______________________________________________________________________
PEG1500N-SWNT
thermal reaction

>300

>87

97

38

>103

>57

thermal reaction

>121

>20

diimide-coupling

> 84

>15

acylation-amidation

>135

>23

48

7

45

8

diimide-coupling
acylation-amidation
PPEI-EI-SWNT

PVA(20k)-SWNT
diimide-coupling
PVA(70k)-SWNT
diimide-couplinga

______________________________________________________________________
a

The saturated aqueous solution was first prepared at 80 oC and then cooled to room temperature.
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comparison. However, there have been some efforts on the use of other methods to
disperse SWNTs into aqueous medium. Examples of the available methods include the
oxidative acid treatment,29 the surfactant-assisted dispersion,14 and the nanotube surface
adsorption of polymeric and biological species.15-18 Most of these methods yield
nanotube-equivalent concentrations typically on the order of only a few mg/mL. Thus,
the functionalization of SWNTs with hydrophilic oligomeric or polymeric molecules
used in this work represents a generally more effective strategy to introduce a significant
amount of SWNTs into water to form a homogeneous aqueous solution. In a related
comparison, the nanotube-equivalent aqueous solubilities of these functionalized SWNT
samples are similar to those (fullerene-equivalent) of the most hydrophilic fullerene C60
derivatives.30 The highly water-soluble SWNTs may find valuable materials and
biologically significant applications. For example, the PEG1500N-functionalized carbon
nanotubes are likely strongly protein-resistant in an aqueous solution, a property
important to the use of carbon nanotubes in biosensors.
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4.2 Poly (ethylne-co-vinyl alchol)-Functionalized Single-Walled
Carbon Nanotubes and Related Nanocomposites

4.2.1 Introduction
Carbon nanotubes have attracted considerable research interest for their promising
optical, electronic, and mechanical properties.1,2 In particular, the dispersion of singlewalled carbon nanotubes (SWNTs) into polymeric matrices has been widely investigated
for the development of novel or improved polymer/carbon nanocomposites.3-5 For
example, Dalton, et al. were able to spin continuous fibers from SWNTs dispersed in a
polymer matrix, and reported that these composite fibers possess extraordinary
mechanical properties.3
In the development of polymer/SWNT nanocomposites, the poor dispersibility
associated largely with the bundling of the nanotubes represents a significant technical
barrier. The chemical modification of SWNTs to impart solubility in common organic
solvents and water has emerged as an effective approach for the homogeneous dispersion
of SWNTs in polymeric matrices.6 Both non-covalent and covalent modifications of
carbon nanotubes have been investigated and reported extensively.6-9 Among the most
popular covalent modification methods is the functionalization that takes advantage of
the nanotube surface defects, in particular nanotube-bound carboxylic acid groups.6,9 The
functionalization of carbon nanotubes with various polymers via amide and ester linkages
has been accomplished.6,10-15 For the fabrication of high-quality polymer/carbon
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nanocomposites, however, the polymeric species used in the functionalization must be
structurally similar or even identical to the matrix polymer. For example, derivatized
polystyrene and polyimide are desirable in the functionalization and solubilization of
carbon nanotubes to be homogeneously dispersed into polystyrene and polyimide
matrices, respectively.11,13 In a more special case, poly(vinyl alcohol) was used to
functionalize carbon nanotubes for the fabrication of “impurity-free” poly(vinyl
alcohol)/carbon nanotube composite materials.12
Poly(ethylene-co-vinyl alcohol) (also known as ethylene vinyl alcohol copolymer,
or EVOH) shares some structural elements with poly(vinyl alcohol), but property-wise
quite different. EVOH is a polymeric material well-known for its outstanding gas barrier
properties.16 In this paper we report results from the functionalization of SWNTs with
EVOH and the characterization of the soluble sample. The functionalization and
solubilization allowed the homogeneous dispersion of SWNTs into the EVOH polymer
matrix, which serves as another example for the preparation of impurity-free
polymer/carbon nanocomposites.

4.2.2 Experimental Section
4.2.2.1 Materials
EVOH with ethylene mole fraction of ~44% was purchased from Aldrich. N,N’dicyclohexyl carbodiimide (DCC, 99%) and 4-dimethylaminopyridine (DMAP, 99%)
were obtained from Acros, and 1-hydroxybenzotriazole (HOBT, containing less than 5%
water) from Aldrich. DMSO (99.5%) from Burdick & Jackson was dried over molecular
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sieves before use. Deuterated solvents for NMR experiments were supplied by
Cambridge Isotope Laboratories.
The SWNT sample produced in arc discharge was provided by Prof. A. M. Rao
(Department of Physics and Astronomy, Clemson University). The sample was purified
via oxidative acid treatment (2.6 M HNO3, 48 h), followed by the cross-flow filtration
(Minikros Lab System) according to established procedures.12

4.2.2.2 Measurements
Optical absorption spectra were recorded on a Thermo-Nicolet Nexus 670 FTNear-IR spectrometer. Raman spectra were obtained on a Renishaw Raman spectrometer
equipped with a 50 mW diode laser source for 785 nm excitation and a CCD detector.
NMR measurements were performed on a JEOL Eclipse +500 NMR spectrometer.
Thermo gravimetric analysis (TGA) was carried out on a Mettler-Toledo TGA/SDTA
851e system. Scanning electron microscopy (SEM) images were obtained on a Hitachi
S4700 field-emission SEM system. Transmission electron microscopy (TEM) analyses
were conducted on Hitachi HF-2000 (200 kV) TEM system equipped with a Gatan MultiScan CCD camera for digital imaging.

4.2.2.3 Carbon Nanotubes Functionalization
The functionalization of SWNTs with EVOH was carried out under esterification
reaction conditions. In a typical experiment, DCC (240 mg, 1.2 mmol), DMAP (40 mg,
0.3 mmol), and HOBT (80 mg, 0.6 mmol) were dissolved in DMSO (10 mL). The
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purified SWNT sample (100 mg) was added to the solution, and the resulting suspension
was sonicated for 1 h. A DMSO solution of EVOH (10 mL, 0.1 g/mL) was added to the
suspension, followed by sonication for 24 h. The reaction mixture was centrifuged at
7,200 rpm (Centra CL-2, 3,000 g) to separate the dark-colored solution from the insoluble
residue. Upon the solvent removal from the dark-colored solution, the EVOHfunctionalized SWNT sample (EVOH-SWNT) was obtained as blackish flaky solids.

4.2.2.4 Nanocomposites
In a typical procedure, EVOH was dissolved in hot ethanol-water mixture (4/1,
v/v, 80 oC) to form a viscous solution (150 mg/mL). Separately, a measured amount of
the EVOH-SWNT sample was also dissolved in the same hot solvent to form a
homogeneous solution. The two hot solutions were mixed, and the mixture was
vigorously stirred at the same temperature (80 oC) for 4 h until it appeared homogeneous
and visually free from any air bubbles. The solution-casting was performed a glass
substrate with an adjustable film applicator (Gardco). Upon drying at room temperature
in a dust-free environment for 24 h, a grayish, opaque, but visually homogeneous
composite film was obtained.

4.2.3 Results and Discussion
The functionalization of SWNTs by EVOH was carried out under typical
carbodiimide-activated esterification reaction conditions,17 facilitating the formation of
ester linkages between the SWNT-bound carboxylic acids and the pendant hydroxyl

128

groups of the vinyl alcohol units in EVOH copolymer. The EVOH-SWNT sample is
soluble in DMSO with moderate heating (~60 oC), similar to the parent EVOH
copolymer, forming a dark-colored solution. The solution is stable over time and remains
homogeneous at room temperature. The sample is also soluble in ethanol-water mixture
(4/1, v/v) with heating. However, the solution in ethanol-water becomes unstable below
60 oC with the observation of significant precipitation, though the precipitate can be redissolved again upon heating.
The optical absorption spectrum of the EVOH-SWNT sample was measured in
the solid-state to avoid solvent interference in the near-IR region. As shown in Figure
4.2.1, the spectrum exhibits the characteristic absorption bands at 1,870 nm (0.66 eV) and
1,050 nm (1.19 eV) for transitions corresponding to the first and second pairs of van
Hove singularities, respectively, in the electronic density of states of semiconducting
SWNTs.9 The absorption results are consistent with those already reported in the
literature, namely that the polymer functionalization via ester with those already reported
in the literature, namely that the polymer functionalization via ester linkages largely
preserves the electronic properties of SWNTs.12,13 The solubility of EVOH-SWNT made
it possible to carry out solution-phase NMR characterization of the sample. Shown in
Figure 4.2.2 is a comparison of the 1H NMR spectrum of the EVOH-SWNT in roomtemperature DMSO-d6 with that of the parent EVOH. The spectra appear rather similar,
except that the broad proton signals in EVOH are further broadened in EVOH-SWNT.
This is consistent with the reduction in the mobility of EVOH upon the nanotube
attachment in fnctionalization.6 Quantitatively, the NMR signal integrations were used to
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Figure 4.2.1. The near-IR spectrum of the EVOH-SWNT
sample (measured in the solid state).
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Figure 4.2.2. The 1H NMR spectrum of the EVOH-SWNT
sample in DMSO d6 (top) is compared with that of
the neat EVOH (bottom).
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estimate the nanotube content in the EVOH-SWNT sample.13 The results thus obtained
by using dichloromethane as a proton concentration standard suggest that the nanotube
content in the EVOH-SWNT sample is about 14% (wt/wt). Separately, the polymer in the
EVOH-SWNT sample could be selectively removed in a thermal defunctionalization
process. The defunctionalization was achieved in a TGA scan to 600 oC (heating rate ~
10 oC/min) under the condition of steady nitrogen flow (Figure 4.2.3). The residual
weight for the thermally defunctionalized SWNTs was equivalent to nanotube content in
the EVOH-SWNT sample of about 10% (wt/wt), which is comparable with the result
from the quantitative 1H NMR signal integration experiment.
The specimen for TEM characterization was prepared by placing a drop of diluted
solution of EVOH-SWNT in DMSO onto a holey carbon-coated copper grid on top of a
piece of filter paper, followed by the solvent evaporation. At low magnification, TEM
images show well-dispersed SWNTs of various lengths, though the contrast in the images
was not high. However, some nanotubes did lie across the holes on the holey carbon grid,
which is an excellent condition for imaging at high-resolution. Shown in Figure 4.2.4 is a
clear image of an individual functionalized SWNT of ~1.5 nm in diameter. The
amorphous coating on some part of the nanotube surface is likely due to the EVOH
polymeric functionalities.18 Overall, the TEM results suggest that the EVOH-SWNT
sample contains primarily functionalized individual or thin bundles of nanotubes. This is
consistent with the expected exfoliation of the bundled SWNTs in the polymer
functionalization reaction. The carbon nanotubes are well-dispersed in the EVOH-SWNT
sample, which causes significant luminescence interference in Raman measurements.6, 11-
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Figure 4.2.3. The TGA Trace (N2, 10 oC/min) of the EVOHSWNT sample.
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Figure 4.2.4. A high-resolution TEM image of an EVOHfunctionalized SWNT.
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Figure 4.2.5. Raman spectra of the EVOH-SWNT sample before
(top) and after (bottom) thermal defunctionalization.
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13

As shown in Figure 4.2.5, the Raman signals of the EVOH-SWNT are on top of a

strong luminescence background, though the peak features from SWNTs are still
identifiable. Upon the removal of EVOH in the thermal defunctionalization, the
luminescence interference became much less significant. Also compared in Figure 4.2.5
is the Raman spectrum of the thermally defunctionalized sample. The spectral features,
including the radial breathing mode (RBM, ~153 and 170 cm-1), D-band (~1,298 cm-1),
G-band (~1,592 cm-1), and D*-band (~2,576 cm-1), are characteristic of SWNTs.
The thermally defunctionalized sample was also analyzed by SEM. The image
thus obtained shows abundant SWNTs (Figure 4.2.6), confirming the substantial
nanotube content in the original EVOH-SWNT sample. The solubility of EVOH-SWNT
in DMSO was measured by following a procedure reported previously.19 In the
experiment, the EVOH-SWNT sample was added in fractions to DMSO (1 mL) at 60 oC.
Each fraction was 25 mg, and the resulting solution after each addition was vigorously
stirred and then centrifuged (1380 g). The process was repeated until the solution was
saturated. The amount of EVOH-SWNT in the solution was determined gravimetrically
upon a complete removal of the solvent DMSO. The solubility thus obtained for the
EVOH-SWNT sample in DMSO with a dissolution temperature of 60 oC is 40 mg/mL.
As discussed above, the nanotube content in the EVOH-SWNT sample was estimated as
14% and 10% (wt/wt) in terms of the NMR and TGA methods, respectively. Thus, the
nanotube-equivalent solubility of the EVOH-SWNT sample in DMSO is on the order of
5 mg/mL.

136

Figure 4.2.6. SEM image of the EVOH-SWNT sample after
thermal defunctionalization.
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The soluble EVOH-SWNT sample may itself be cast into a nanocomposite thin
film of a high SWNT content (more than 10% wt/wt). Since the EVOH-SWNT sample is
soluble in the same solvents as neat EVOH, the same solution casting method may be
used to prepare EVOH/SWNT nanocomposites of lower nanotube contents. The dilution
was achieved by mixing the solution of EVOH-SWNT with a concentrated solution of
neat EVOH. As described above, the SWNT content in the EVOH-SWNT sample is
known (10-14% wt/wt). Thus, the nanotube content in the EVOH/SWNT nanocomposite
films can be conveniently calculated from the amounts of EVOH-SWNT and neat EVOH
used in the solution mixing. A series of EVOH/SWNT nanocomposite films of the
nanotube content less than 10% (such as 3% wt/wt) were fabricated. The EVOH/SWNT
nanocomposite films appeared homogeneous with a greyish color, but not optically
transparent. As a result, absorption measurements of the films were unsuccessful.
However, Raman spectra of the films exhibit the characteristic SWNT features (RBM
~153 and 169 cm-1, D-band ~1,310 cm-1, G-band ~1,587 cm-1, and D*-band ~2,575 cm-1),
similar to those of the EVOH-SWNT sample. The overall Raman intensities of the films
also increase with the known nanotube contents.
In summary, SWNTs were functionalized with EVOH copolymer in
carbodiimide-activated esterification reactions. Similar to EVOH, the EVOHfunctionalized SWNT sample is soluble in DMSO and other polar solvent systems such
as hot ethanol/water mixture, forming dark-colored solutions. The common solubility of
EVOH-SWNT and neat EVOH makes it possible to conveniently fabricate
EVOH/SWNT nanocomposite films via wet-casting. These nanocomposite films are
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conceptually similar to those based on poly (vinyl alcohol)-functionalized carbon
nanotubes.12 Thus, this work presents another example of homogeneously dispersing
SWNTs into polymeric matrices without introducing any other materials for impurityfree nanocomposites.
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CHAPTER 5
SUMMARY
My carbon nanotube research mainly focused on topics involving the separation
of SWNTs based on their electronic structure (semiconducting SWNTs from metallic
SWNTs) and their size (diameter). However, because the purity of as-produced SWNTs
is only between 30-40%, the purification of SWNTs is important before any
functionalization or separation reactions can be performed. Impurities in pristine SWNT
sample often include metal catalysts, amorphous carbon, and carbon nanoparticles with
multiple graphitic layers. In addition, some metal catalysts are usually encapsulated in the
carbon nanoparticles. Therefore, effective purification of SWNTs using a simple method
is very important to remove these impurities. The purification of SWNT samples was
performed using a combination of air oxidation and nitric acid, and the subsequent TGA,
analysis in air showed the purity of SWNTs after the above purification procedure to be
over 80 %.
In the process of separating SWNTs based on electronic structure, the purified
SWNTs (from arc discharged method) were reacted with larger aromatic molecules such
as THPP and DomP by the using non-covalent functionalization method. The separation
of the purified SWNT samples was achieved via three sequentially repeated
functionalization reactions under the same sonication condition. Upon the completion of
three cycles, the fourth cycle was also attempted and the reaction did not work. The three
solution fractions were combined leaving the final residue. In order to remove free and
attached DomP to recover the separated SWNTs, we used the “soft” removal method
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using dialysis followed by a solvent wash with CHCl3. The characterization results
obtained using optical absorption, Raman spectroscopic studies of multiple wavelengths
and the conductivity studies using four point probe method showed the solution fraction
to be enriched with semiconducting SWNTs and the insoluble residue was enriched with
metallic SWNTs. Our further investigations using a literature survey showed that the
band gap energy of M11 peak overlaps with the band gap energy of S33 peak when the
nanotube diameter is greater than 1.4 nm. In addition both the M11 peak and the S33 peak
are strongly enhanced by the area of π-plasmon of SWNTs and the area of carbonaceous
impurities. Therefore, the enrichment calculations were performed by using the area
comparison of S11 peaks of purified, solution and residue fractions. The quantitative
evaluations performed for 5 different batches of separated samples showed that the
solution fraction was enriched with 92-98% of semiconducting SWNTs and 2-8% of
metallic SWNTs. Similar optical absorption studies were performed for the SWNT
samples obtained from the separation reaction using the recovered DomP (after the
washing with hexane and chloroform). The results, which are comparable with the same
absorption measurements obtained for the separated sample using “as synthesized” DomP,
suggest that the chemical reactivity and structure of DomP is well preserved under the
sonication conditions provided in the separation reaction.
We also determined that the non-covalent complexation of a semiconducting
SWNT with aromatic molecules could also dramatically affect the nanotube electronic
structures and the associated optical transitions. Indeed, these non covalent interactions
between DomP and SWNTs are strong enough to diminish the band gap transitions
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related to semiconducting tubes (S11 and S22). Since the complexation is reversible the
characteristic bands can be turned on and off with the complexation in a reversible
fashion. However, our further experiments using different planar aromatic systems
showed that such interactions might not be universal for all aromatic molecules. For
example the antracene analog of DomP, 1-docosyloxymethyl-antracene (DomA), failed
to solubilize any SWNTs in THF; consequently no absorption diminishment was found.
The lack of absorption diminishment may be due to week interactions between DomA
and SWNTs or because some unfavorable structural conjugation configurations were
unable to solubilize nanotubes even if there were some selectivity under the given
conditions.
As compared to arc SWNTs, the HiPco SWNTs have broad diameter distribution.
Therefore, in our study of diameter separation, the HiPco SWNTs were functionalized by
using PEG1500N molecules to obtain multiple soluble fractions and final insoluble residue.
The characterization results obtained using multiple wavelengths of 632 nm, 514 nm and
785 nm showed that the first soluble fractions are enriched with smaller diameter
nanotube, irrespective as to whether or not these nanotubes were either semiconducting
or metallic, leaving the larger diameter SWNTs in both the later soluble fractions and the
final residue. In addition to Raman characterization, the absorption spectra revealed
significant and systematic changes in the detailed spectral peak features from fraction to
fraction, reflecting the underlying variations in diameter distribution of the HiPco
SWNTs. For the S11 bands, the features of the first soluble fractions were greater at
shorter wavelengths while the same features of later soluble fractions and final residue
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were found to exist in longer wavelength region in comparison with those of the starting
purified sample. The changes in S22 bands showed similar trends, with the first soluble
fraction featured more in the shorter wavelength region, while the later fractions were
featured more in the longer wavelength region. It is known that electronic transition
energies of SWNTs are inversely related to the nanotube diameters. Thus, the absorption
results suggest that the smaller diameter semiconducting SWNTs are preferentially
solubilized in the earlier fractions.
In addition to these separation studies, carbon nanotubes (both SWNTs and
MWNTs) were functionalized using amidation and esterification with various polymers.
The insolubility of carbon nanotubes due to the bundles is generally considered a
significant barrier in both fundamental research and technological developments toward
the practical uses of carbon nanotubes. Therefore, my carbon nanotube functionalization
research was extended to study the solubility of these functionalized SWNTs in both
aqueous and organic mediums. The solubility results in aqueous medium showed that the
PEG1500N-SWNT sample from direct thermal reaction has the highest nanotubeequivalent aqueous solubility of >87 mg/mL. In addition to these solubility studies, the
PVA and EVOH functionalized SWNTs were used to fabricate nanocomposite films via
the wet casting method.
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